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1 Introduction 

Water is the single ma;t important nutrient for livestock 
and big game wildlife species. It is the m<Et abundant 
ingredient of the ani mal body in all plla3:s of growth and 
development. A calf's body contains 75 to 80% water 
at birth and about 55 to 65% water at maturity. While 
animals can survive for a vveek or more without food, 
death is I i kely in a matter of days without adequate water 
intake. Water is involved either directly or indirectly 
in virtuallye\oery physiologicproce:Ees:Ential to life. 
Water is the medium in which all chemical rea:tions in 
the body take pla::e. Blood, which contains 80% water, 
is vital in transporting oxygen to the tiS5UESand carbon 
dioxide from the tiS5UEScsvvell csl:eing the life support 
system for the body. It is the medium for transporting 
nutrients, rnetabol ic VIIC5tes, and chemical 111E!S3311Q9rs, 
such cs hormones, throughout the body. It provid:s the 
chemicall::a:E for nutrient dig:stion and uptake from the 
Gl tract and for the elimination of VIIC5te products via 
urine and bile. Water's physical properties make it an 
important factor in the transfer of heat and the regula
tion of temperature in the body. Due to its high specific 
heat (the abi I ity to cb:orb or give off heat with a relatively 
small change in temperature), water is ideally suited cs a 
temperature buffering system for the body. A restriction 
ofwater intakelovversfeed intakeand N retention (i.e. 
protein), and it increaxs N la:s in the foo:s. It aloo re 
suits in increa:a:l excretion of urea in the urine. Animals 
may survive a la:s of nearly all the fat and about one-half 
of bodily protein, but a la:s of about one-tenth of water 
from the body results in death. 

Obviously, an adequate supply of clean water is na::s 
sary to the health of all animals, including human l:eing:;. 
Under m<Et mancg3111ent systems, water is the cheapest 
and m<Et readily available nutrient. Unfortunately, and 
protably l:a:aU99 of this fact, it is aloo the m<Et over
looked nutrient. SourCES of water include tha39 obtai ned 
from vvells or surfa:e runoff, water contained in feedstuffs 
(lush gra:E may consist of cs much cs 75% water) and 
metabolic water obtai ned from the oxidation of fat and 
protein in the body. In the arid vvestern United States, 
good quality water isas::arce commodity, and livestock 
and wildlife are often forced to survive on what might 
l:e charitably d:s:ril:ed cs "le&than-perfect" water due 
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to competition from uri::Enization, mineral extraction, 
etc. In m<Etcaxs, thes3animalsdosurprisinglyvvell, but 
poor quality water hcs resulted in acute iiii1E$and death. 
It aloo rots producers via decrea:a:l performance (growth, 
reproduction). Thus, 8V\18r911E$Ofwater quality iS5UES 
hcs increa:a:l cs the competition for res::>ura:s intensifies. 
Ranchers, wildlife managers, con93rvationists, veterinar
ians, cooperative extension peroonnel, animal owners, and 
others need to know whether a particular oource of water 
is safe. One of the more common questions fielded by 
our laboratories is "what is X ppm of Y in the water going 
to do to my cattle (hors:s, deer, etc.)?'' 

Water consumption is influenced by many factors, in
cluding genetics (species, breed), cg3, body si;re, ambient 
temperature and humidity, water temperature, and 19\.oel 
of production. For example, cattle (a species that hcs 
b:en studied extensively) consume an a\A9rcgaof 2 to 4 
kg of water for each kg of dry matter consumed and an 
additional 3 to 5 kg of water per kg of milk produced; 
hovvever, this average varies dramatically with tempera 
ture, esp:cially when the environmental temperature 
exa:eds the thermo-neutral range (5-20 C in cattle) mak
ing animals 1039 increa:;ingamountsofwater via respira
tion and S\IVESting. For example, a 273-kg (600 I b) feeder 
steer drinks 22.7 L at 5 Cor l:elow; at 21 C (70 F), he 
needs 33 L but at 30 C (roughly 86 F) he requires 54 L 
or 20% of his body vveight per day.1 At 39 C (roughly 
102 F), he would require 116 L.2 Rations high in Na, 
fi l:er, or protein aloo i ncrea39 water requirements! ,3 For 
example, hors:s consume twice cs much water while on a 
hay diet compared to a high concentrate diet at the same 
temperature.4 The 19\.oel of production is a very important 
factor in water requirements. A lactating b:ef cow re 
quires nearly twicecs much water (64 Lor about 16% of 
her body vveight) per day at 21 C cs the same cow (32.9 
L, 9% body vveight) when dry (not lactating) at the same 
temperature, and a high-producing dairy cow of similar 
si;re needs 90 L, or nearly 20% of her body vveight under 
thesameconditions.1,5 At 32 C, she maydrinkcs much 
cs 40% of her body vveight.1 ,B 

The amount (da39) of any water-borne toxicant ing:sted 
by a given animal is determined by the concentration of 
the sutstance in water and by the amount of water the 
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animal drinks. Water intake is technically defined cs free
drinking water plus the amount contained in feedstuffs; 
hovvever, for purpaxsofsimplicity in this report, vve 
ha\te CEEUmed animals are consuming air -dried hay or 
EEnes::ent forcg3with a minimal (10%) water content 
and will US3 the term "intake" to d:s:rioo the amount 
of water consumed voluntarily by animals from streams, 
ponds, etc. The amount an animal drinks is determined 
by true thirst and appetite. By definition, true thirst is 
the physiologic drive to consume sufficient water to 111Eet 
minimum metabolic needs; hovvever, mcst animalsaloo 
exhibit an "appetite" for water and consume more than is 
strictly na::e:Eari ly to satisfy thirst? Rea:ons for the latter 
are many, varied, and do not lend tllerns31ves to quant~ 
tative prediction. We therefore disregarded appetite in 
calculating daxs from water intake but instead us:d fairly 
conEErvativeestimatesof thirst in such calculations by 
disregarding forcg3 water content. Mcst calculations of 
potential toxic daxs in this report are thus ba:Ed upon 
273 kg (600 I b) feeder cattle that drink approximately 
20% of their body vveight, or about 8 L per kg of dietary 
dry matter, per day, at 32 C (90 F). Thisnaynot provide 
adequate protection for high-producing dairy cattle, 
which drink significantly more under similar environ
mental conditions, but is rea:onably conEErvative for 
range livestock (beef and sheep) and vveather conditions 
typical of Wyoming. Higher temperatures would aloo re 
suit in higher consumption than our "standard" steer, but 
sustained periods of such vveather are not that common 
in Wyoming.8 Finally, there is virtually no information on 
water consumption by the major wildlife species covered 
in this report, but it is rea:onable to CEEUme that species 
that evol\€d in the northern Great Plains would not ha\te 
greater requi rernents than domestic cattle. 

This report is targeted at domestic livestock and wild 
life (beef cattle, hors:s, sheep, deer, elk, and pronghorn 
antelope) that rely upon vvells, ponds, streems, and other 
water oourCES on Wyoming's ranges. Although vve ha\te 
made note of data related to swine where vve found them, 
virtually all modern swine are rais:d in intensive opera
tions that dravv water from systems (municipal, water 
district, etc.) that are maintained ax:ording to human 
drinking water standards. Similarly, "alternative agricu~ 
tural" species such csllamcsand bioon are not included, 
in part ba:aUS3 of a s::arcity of data. 

Water quality is commonly evaluated by chemical 
methods that ha\te been designed to oo very reproducible 
and very specific. Ps a result, the proce:E of analyzing 
water is fairly straightforward, and many tests are readily 
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available, commercially. Unfortunately, translating thes3 
very preci93, formal, data to prcd:ical ra:::omrnendations 
for livestock and wildlife isles:; cut and dried. Ps noted 
by Dr. Art Ca:E, the dean of veterinary toxicologists, 
"oometirnes the cow just didn't read the book." First, 
many toxicants in water act additively with the same 
toxicant in feedstuffs. In mcst such caxs, the bottom 
line is not na::e:Earily the water conCEntration but rather 
the total mg of toxicant ingested per kg of the animal's 
bodyvveight (commonlyexpres:a:l cs "rng X/kg BW"). 
Throughout this report, vve ha\te tried to US3 realistic esti
mates of total dietary conCEntrations of such toxicants to 
calculate the water concentration of the toxicant required 
to potentially caUS3 problems. 

Sa::ond, chemical water quality tests do not usually 
111EB5Ure the specific chemical form of the toxicant pres 
ent. For example, ES cs EBlen ite or EEienate oohaves quite 
differently in the mammalian body than doesEEienorn
ethionine, but the typical laboratory just reports total ES. 
Where pa:sible, vve have ba:Ed ra:::omrnendations upon 
the chemical form mcst likely to oo pre9311t in typical 
surface waters in Wyoming and noted any caveats that 
should oo considered if the water oource is not "typical". 
In the al:e3nce of other data, vve have CEEUmed the free 
ion in water is equivalent on a rng/kg BW l:a5is to the 
same chemical in feedstuffs. 

Third, typical chemical tests do not differentiate ootvveen 
animal species. Some substanCES are more toxic in rum~ 
nants than monogcstrics (simple-stomached animals) cs 
a result of their unique physiology; rome are leE. While 
vve ha\te tried to identify significant differenCES where 
they exist, our ra:::ommendationsare ba:Ed upon the 
mcst EEnsitive of our species of interest. 

Fourth, many toxic substanCES intercd: with other 
toxicants and/or nutrients in the diet. We have tried to 
enumerate such intercd:ions in the narrative if they are 
vvell documented and, where pa:sible, ax:ount for them 
in the "bottom line" calculations of a:::ceptablewater 
conCEntrations. 

Finally, the rate of exposure influenCES the potency of 
many toxicants. A bolus da:E of nitrate (NO), given 
via a stomach tuoo, is much more toxic than the same 
amount spread over an entire day's grazing. Under 
summer range conditions typical of the Great Plains, 
I ivestock drink once, or, at mcst, twice a day. Wildlife 
typically trek to water and drink their fill during the 
morning and evening twilight. We have, therefore, 
CEEUmed all of the water -borne daily da:E of a given 
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substance will be consumed during a fairly short period, 
once or twice a day. 

Water quality constituents in this report vvere drawn from 
common vvater quality guidelines, prioriti:zed a:::c:ord-
ing to how cla:Eiy, in our experience, existing Wyoming 
concentrations approa:::hed theE guidelines and how 
often the elements in question caLI93d poiooning in 
Wyoming animals. For example, Hg is much more toxic 
than many of the elements vve studied, but it is rarely 
preEnt at detectable concentrations in Wyoming vvater 
surveys. Copper is a real problem in aquatic organisms, 
but Cu deficiency is a much bigger problem in livestock 
than Cu toxicity. We then worked our vvay a:; far down 
this prioriti:zed list a:; time permitted. Obviously, there 
are more constituents on our I ist than vve vvere able to 
examine, but vve believe vve covered tha:E ma:rt important 
to Wyoming. 

Data U93d in compiling this report are drawn primar-
ily from s:ientific literature, including refereed journals, 
texts, proc:a:ding:;, al:stracts, and thes:s, with an empha:iis 
on material published during the la:;t 20 yEars. The l:mic 
strategy consisted of 1) s:arching biomedical dataJaxs 
(e.g. Medline, CAB Abstracts, etc.) for reports of toxicity 
in any species, 2) examining bibliographies of relevant 
papers for reJV leads, and, finally 3) forvvard s:arching 
(e.g. Science Citation Index) for more ra::ent papers that 
cite earlier work on a given topic. We aloo ool icited vvell
documented ana::dotal data (i.e. field reports) from col
la:guesat other res:arch and/or dicgna:rtic institutions. 
Where pa:sible, vve tried to validate s:condary ooura:s 
(e.g. review.:;, texts) by examining primary documents 
from which theyvveredrawn. If sufficient data existed for 
our principle species of interest (b:ef cattle, hors:s, sheep, 
elk, deer, and antelope) vve focl.l93d on tha:E reports. If 
not, vve attempted to extrapolate from rodents, humans, 
etc., being careful to identify the uncertainty factors in
herent in such extrapolations. Ea::h oourcewa:;a:Eigned 
a rating for reliability, with peer-revi€'.11.€d, experimental 
studies usually, but not always, being considered more 
reliable. 

Ps noted previously, the interaction of vvater quality and 
animal health is considerably more complex than just 
"X" mg of "Y" per L of vvater. For example, many factors 
l1a'lte ten sugg:sted to influence the palatability of vvater 
for animals. Deaea:a:l consumption due to tad ta:;te 
is potentially just a:; harmful a:; vvater deprivation-1, yet 
the state of the art regarding palatability isstilllargely 
qualitative and ana::dotal. Acid pH may mobili:ze toxic 
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metals from plumbing or roil, but the particular effect 
of a given pH is obviously very dependent on the local 
situation. A sudden transition to purevvater after S3Veral 
vveekson highlysalinevvater may result in oo-called "salt 
poioon i ng." Where acequate, quantitative data exists for 
non-dira:::tly toxicadvers3effectson health, vve have in
corporated them into the final ra:::ommendations. Where 
there is sul:stantial evidence sugg:st i ng such effects exist, 
but no reproducible, quantitative data vvere available, vve 
tried to mention the existence of such effects but have not 
factored them into the final ra:::ommendations. 

Safety margins area matter of judgment rather than 
an exact s:ience. The purpa:E of safety margins is to 
compensate for unknown, or unknovvable, variables in 
toxicology data such a:; genetic variabi I ity, S3X, I ife stcge, 
duration of expa;ure, unfores:en interactions with other 
toxicants, etc. The standard practice in EBtting human 
drinking vvater standards for non-carcinogens hC5 ten to 
divide the geometric mean of the NOAEL and minimum 
toxic da:E by 10 to 1,000 depending upon whether 
the data are derived from human expa;ure, multiple 
non-human species, or incomplete data in any species. 
Another appra:dl U93d in the pa:;t hC5 ten to EBt the safe 
I i mit at the upper end of the range commonly reported 
in natural vvaters a:; wa:; done with 93.2 Both appra:dles, 
while unarguably "safe," ignore the realities of livestock 
production in the vvestern United States. Water that isoo 
"perfect" a:; to ~T~Eet theE theoretically desirable criteria 
ha:ialready ten taken for other us:s. In this report vve 
l1a'lte taken theappra:dl of pre9311ting our best estimate 
of the NOAEL (i.e. will not produce any mea:;urable 
dea€839 in performance in the ma:rt EBnsitive cla:E of 
animal) under a very con93rvative93t of CEEUmptions 
appropriate to Wyoming and allowing readers to make 
their own judgment regarding "safety" margins. 

The final report, together with the documents it wa:; 
drawn from, wa:; forvvarded to colla:guesat four other 
universities (Wa:ihington State University, University 
of Nebrffika, North Dakota State University, and Texa:; 
A&M University) for peer revi6111. Their commentsvvere 
considered and incorporated into the final document. 

Although there are many ways of expres:;ing mea:;ure
ments regarding vvater quality and toxicology, vve l1a'lte 
cha:En to US3 the following conventions. The da:E of a 
toxicant that caus:soome particular effect isexprBS:Ed in 
m iII igrams of substance per kilogram of body vveight or 
"mg X/kg BW". The concentration of asul:stance in vva 
ter is exprBS:Ed a:; m iII igrams of sul:stance per I iter of wa-
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ter or "mg X/L". If the substance is ionize:!, and the ion 
is important in terms of toxic effects, it will l::e d:s:rited 
with the standard s:ientificabbreviation for the ion, e.g. 
"NO/'· Similarly the concentration of a toxicant cx:x:ur
ring in dry feedstuffs will l::ed:s:rited in terms of parts 
per million or ppm. Single elements are abbreviated with 
thestandard chemical symbol (e.g. "Se" forEEienium). 

This report, and the project that created it, we£ funded 
by the Wyoming Department of Environmental Quality. 
Although the authors anticipate they will find the infor
mation US3ful, our intended audience is much broader 
and includes ranchers, wildlife rnancg3rs, oonEErvation
ists, veterinarians, cooperative extension periDnnel, an~ 
mal owners, and others. The lest concerted effort in the 
United States to sumrnari:ze the I iterature regarding vvater 
quality for animals cx:x:urred more than 30 y:ars ~, 
and there have l::a3n many additions to the knowledge 
l:a:Esince that time. We l::elieve this report repreEntsa 
rea:onablestarting point for evaluating the adequacy of 
vvater quality for animals. 
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2 Arsenic 

Al93nic (Ps) is a metalloid that oc:x:urs naturally in vvater 
and roil. It isalro relea:a:l from a numter of human 
activities including mining, petroleum and natural g:s 
extraction, wood prES9rvation, and burning cx:al.9-16 

Although Psis rare in nature a:; a pure element, both in
organic and organic forms of Psare commonly found in 
a numter of different oxidation states, of which two (+3 
and +5) oc:x:ur in roil, vvater, and \oeg3tation. Inorganic 
forms of AS 11 (e.g. the al93nite ion) may te found under 
reducing conditions; hovvever, M (e.g. theal93nate ion) 
predominates in surfa::e vvaters containing considerable 
dis:olved oxygen.17 Organical93nical compounds have 
alro been U93d a:; herbicides, ins:d:icides, and drug5. 
Al93n ic wa:; one of the first drug5 to te U93d suCCES5fully 
against thesyphilisorganism in humans. The organic 
al93nical roxaroone (4-hydroxy-3-nitrol:e112811earoonic 
acid) is still U93d to control coccidia in poultry and svvine. 
More ra::sntly, al93nic trioxide (~0) hC5 been suggest
ed for treatment of promyelocytic leukemia and multiple 
myeloma.18 

Most of what wa:; known about the toxicity of Ps prior 
to the 1980s wa:; ba:Ecl upon the dira:t cytotoxic effects 
of Ps.19 More ra::sntly, hovvever, chronicconsum13 
tion of low-19\.oel As-contaminated drinking vvater hC5 
ta::omeCEFDCiated with a variety of chronic maladies in 
human teing:;, including cardiova:rular dis:a:E, "black
foot dis:a:E," diatetes mellitus, spontaneous abortion, 
and, especially, cancer~,20-22 Conve193ly, rome report5'3,24 
suggest a hermetic (teneficial) effect of Ps at very low 
daxs. So far the majority of the evidence for chronic 
effects in humans consists of epidemiological studies, but 
me:::hanistic, toxicologicexplanationsareappearing in the 
I iterature. The latter are important l::a:at.e they suggest 
thES9effects (and thereforedaxg:s) are not likely relevant 
to our species of interest (s:e telow for details). 

The nomenclature of theal93nicals is often bewilder:-
ing. In this text, the following conventions are U93d: the 
trivalent, methylated metabolites (mono )methylaroonous 
acid, and dimethylaroonousacid will teabbreviated a:; 
M MA111 and DMA111 , the pentavalent metabolites (mono) 
methylaroonicacid, and dimethylarsinicacid a:; M MAv 
and DMAv, and the inorganic ions such a:;al93niteand 
al93nate a:; iAS 11 and iPsv. 
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ES:Ential ity 
Although the physiological function(s) of Ps remains 
unknown, experiments with Ps deprivation in many 
species suggest Ps may tean ES3311tial element.25 For 
example, rats maintained on a diet containing 30 ppb Ps 
exhibited deaea:a:l growth rate, rough hair cx:ats, and 
decrea:a:t hematocrit levels when compared to con-
trols supplemented with 4.5 ppm Ps.26 Lactating gc:Ets 
consuming a diet containing leE than 10 ppb Ps had 
decrea:a:t growth rates, deaea:a:l milk production, lower 
birth vveights, and a higher incidence of mortality~7 

Female miniature pig5on a low Psdiet produced smaller 
piglets, and only 62% of pig5 vvere reported to give birth 
when compared to pig5 supplemented with 350 ppb 
Ps.27 The results of experimentally induced deprivation 
in both in vivoand in vitroexperimentssuggest Ps plays 
a role in the methylation of both proteins and genetic 
mola:ules.25 Although this and other, similar res:arch 
is s:ientifically interesting, Ps deficiency hC5 never been 
demonstrated in nature, probably ba:al.l93 the apparent 
nutritional requirements are considerably lovver than 
common background concentrations. 

It is commonly accepted that, with the pa:Eible excep
tion of the trivalent methylated metabolites (M MA' 11 

and DMA111 ), the inorganic forms of Psareconsiderably 
more toxic in mammals than organical93nicals.20,25,2B-30 

Si nee the inorganic forms are alro by far the most com
mon contaminantsofvvater under field conditionsand 
ba:al.l93 M MA111 and D MA111 are too unstable to persist 
for any length of time under natural conditions, this 
review wi II focus upon expa:;ure to the inorganic forms 
of Ps''' and p.s,v_ Al93nate is aboorted from the gut by a 
two-stcge proceE. First, it is concentrated in muco:al 
cells then, a:; binding sites ta::ome filled, it moVES down 
the resulting concentration gradient into the portal 
circulation.25 Theaboorption medlanism of iAS11 is leE 
completely understood, but it is commonly accepted that 
iPs111 ise\€11 more readily aboorted than iAS', probably 
ba:al.l93 of its greater vvater rolubi I ity.17 Once aboorted, 
Psis transported to various ti$UES via blood. Distribu-
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tion tetween theerythrocyticand plcsma components 
of blood depends upon the daB of /ls given, the spe
cies of ani mal, and the valence of a:lm in istered /ls. In 
general plcsma concentrations increa:E relative to red cell 
concentrations a:; the daB incra:s:s, and trivalent /ls hC6 
a higher affinity for erythrocytes than AS, resulting in 
slovver clearance. Humans, rats, and mice have higher 
erythrocyte binding than other domestic mammals, aloo 
resulting in slovver el imination.17,27 

The metabolism and excretion of /ls varies significantly 
l::etvveen species and l::etween genotypes within the 
human species.27,31 ·33 Thes3 species-specific difference; 
in metabolism are important in the p3thogenesisof /ls 
intoxication in any given species.17,27 Generally speak
ing, inorganic As is methylated in vivoviaa99riesof 
99quential reduction and oxidative-methylation rea:
tions. lnorganic/lsv is reduced in a linked rea:tion 
with oxidation of reduced glutathione (GSH) to iAS 11 , 

which is then methylated to M MAv by rea:::tion with S
adenysylmethionine. Monomethylaroonica:id (M MAv) 
is, in turn, reduced and methylated to D M~ and oo 
forth.22 Thes3 metabolites are more readily excreted than 
inorganic As. In many, but not all, mammalian species, 
this proce:E proa:eds to D M~ or the trimethyl ar99nic 
metabolite trimethylarsineoxide (TMAO); hOVIIe'lter, 
in human l::eings, significant amounts of M MAI 11 and 
D MA111 app3rently es:ape methylation and rea:::t with 
critical tissue components. The rate of methylation and 
physiologic site of metabolism are thus important deter
minants of the rate of elimination and the potential for 
chroniceffedsat very low daxs.22,29 

/ls interacts with many other dietary fa:tors, resulting 
in either increa:a:l or decrea:a:l toxicity. /ls hcsl::e3n 
known to minimize the toxicity of~ for many ya3rs.34·37 

When /ls is fed with~. the excretion of both elements 
in feo:s is enhanced.37,38 Simultaneous administration 
of Zn IES33ned the toxicity of As-spiked drinking water, 
pa:sibly by induction of metallothionein, a metal binding 
protein_22,39 Folate can affed: /ls methylation and both 
folate deficiency and exce:E /ls induce fetal malformations 
in rats, thus ad ietary deficiency of folate potentiates /ls 
toxicity.22,40 

Tooty 
The acute toxicity of inorganic As hcsl::e3n attributed 
to the generation of rea:::tive oxygen species (ROS) and 
oxidativestres:;18,21 ,39 , to the denaturation of critical pro
tein moieties, and to interfering with phasphate metabo-
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lism.17,41 In virtually all models, iAS 11 is reported to l::e 
99Veral fold more toxic than i/lsv_28,30,41 ,42 Trivalent iAS11 

exerts its toxic effects by binding with specific functional 
groups (thiolsand vicinyl sulfhydryls) on enzymes, ra:ep
tor proteins, etc.10,17,27,43 For example, mitochondrial 
respiration is blocked by the rea:tion tetween AS 11 and 
the dihydrolipoica:id cofa:tor required for sutstrate 
oxidation.41 /lscited by Thomcset al~, in 1966 Webb 
listed more than 100 enzymes that were inhibited by 
fls111 • Pentavalent AS, l::a:aus9 of its chemical similarity 
with the phasphate ion, displace; phasphate from certain 
biochemical rea:::tions, e.g. oxidative phasphorylation, 
resulting in depletion of ATP 0,41 ,4345 , but it may aloo l::e 
converted to /ls111 in vivo (i.e. in tiS5UES) and in the ru
men.45 The clinical signscs:ociated with acute toxicity in 
virtually all species include diarrhea, vomiting, abdominal 
p3in, V\.63ki1E$, stcg;}3ring gait, myocardial degeneration, 
and, in rome caxs, death.17,25,30'43'45 

Most acute /ls toxicity results from a::x:idental expa:;ure 
csa result of improper handling, US9, and/or storcg3 of 
ar99nical compounds.13,15,45 Cattle tegan stcgg3ring and 
showingsignsofabdominal p3in, diarrhea, anorexia, and 
rocumbency shortly after ingesting forcg3 that hacll::e3n 
sprayed with oodium al93nite (NaflsOJ Analysis of the 
gra:E performed 9/eral days later revealed it contained 2 
ppm /ls, but the author noted concentrations were prota
bly higher immediately after spraying.46 Covvsand calves 
tecame ra:umbent and exhibited a rapid vveak pul99, 
intermittent clonic convulsions, and pa:ldl ing movements 
after drinking fluid from a dipping vat containing 200 
mg /ls/L.47 A herd of approximately 275 cattle allovved 
to graze a road right of way ra::ently sprayed with &>

dium ar99nate (N~H/ls04)sickened within hours, and 
80 died within four days. S:rnples of gra:E taken at the 
on99t contained 10,500 ppm /ls.14 ~I by et al. reported a 
similar s::snario in M is:ouri in which the toxic \/Eg3tation 
contained 440 ppm /ls.48 Cattle that consumed water 
containing 6-20 mg /ls/L and si lcg3 contaminated with 
140 ppm /ls ba:ame progres:;ivelyvveaker, ema:iated, and 
rocumbent, hacl decrea:a:l milk production, and eventu
ally died after 99Veral days.49 Nine a:lult cattle developed 
acute hemorrllc{Jic diarrhea, and two eventually died 
after consuming a dairy premix containing 5.50 ppm /ls; 
however, the /ls concentration of G .I. contents suggests 
the expa:;ure may have l::e3n considerably higher?0 Heif
ers ba:ame Vl.e3k, ra:umbent, dys311teric, and died after 
ingesting vegetation containing approximately 2,000 
ppm /ls from herbicide contamination.51 Approximately 
12 hours after consuming pellets containing 27,000 
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ppm /ls and 20 ppm metaldehyde, cattle developed 
ataxia, profl..l93 diarrhea, and ml..lfde fa:ciculations.52 The 
authors sug;J:Sted that most of the toxic effects were due 
to /ls ba:al..l93 the predominate dinical signs did not fit 
metaldehyde. 

The toxicity of the herbicide, lead ars3nate (PbHflsq), 
is thought to be due to the /ls content rather than Pb.53-55 

After licking l:xg5containing PbH/ls0
4

, cattle exhibited 
rapid pul93and respiration, oral muoo:al erosions, diar
rhea, and decrea:a:l milk production. Al93nic toxicity 
wes confirmed when storna:h contents weJB found to 
ha\te 175 ppm /ls.53 Yearling cattle exhibited 99\.oere colic, 
diarrhea, and death after consuming an undetermined 
amount of a powder containing 39% Pb and 10% /ls. 
Rumen contents from the animals contained 478-531 
ppm /ls.56 Five calves b3g3n showing signs of lethargy, 
ataxia, anorBxia, decrea:a:l heart rates, and diarrhea after 
consuming powder containing 700,000 ppm ~03. 

Four of the animals eventually died.57 Cattle ra::eiving 
67 g ~03 and calves ra::eiving 17 g ~03 csa topi
cally applied medication ba:ame depres:a:l and exhibited 
bloody diarrhea and astcgg3ring gait soon after treat
ment. By 20 hours post treatment, 94 of 101 animals 
weJB dead.58 Depres:;ion, ataxia, vveaknes:;, ra:::umbency, 
diarrhea, abdominal pain, and ta:::hycardia developed in 
15 cattle that ingested csh from /ls-prES9rved wood. The 
csh wes found to contain 780 ppm /ls.59 After 260 heifers 
weJB moved to a nevv pcstuJB containing an al:andoned 
cattle dip, they ba:ame restles:;and belli~rent and b3g3n 
showing signs of profl..l93salivation and vvatery diarrhea. 
(Watery diarrhea isextJBmelydiluteand mayeven be 
clear; it's usually a result of runaJVay s:aetory procea:s 
in the bowel.) More than 50% of the herd exhibited 
convulsions and ba:ame comata39, and 67 eventually 
died. The roil around the dip contained 10-150 ppm /ls 
and 50-500 ppm toxaphene. The authors sug;J:Sted that, 
ba:al..l93 tiS5Ue /ls conCEntrations weJB not diagnostically 
significant, the combination of /lsand toxaphene caUS3d 
the di&eff.60 Bq:erimentally, four of five cattle died 
within 10 days of being da39d with 10 rng flsVfkg BW/ 
day cs mona:odium methaneai"S)nate.61 

MoJB than 650 of 1 ,000 sheep developed diarrhea and 
died after consuming veg3tation that had b:e1 sprayed 
with a PbH/ls0

4
rolution containing 0.58% /ls.62 The 

condition wes rBproduca:l by dosing lambs with 12 mg 
/ls/kg BW?2 LambsshoVI.ed signs of depre:Eion, abdomi
nal pain, salivation, and diarrhea after ingesting forcg3 
containing 62-95 ppm /ls due to contamination with 
a cotton defoliant; 172 of 9231ambsdied.63 Six dre 
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white-tailed deer were found dead after eating roil and 
\IE!g3tation contaminated by CErial spraying of an ar93nical 
herbicide at the rate of 1.6 lbs /ls j:er acre. Later analysis 
of a combined roil and \IE!g3tation sample yielded 2.4 
ppm /ls, and vvater samples yielded 0.36-0.48 rng /ls/L.64 

The application rate, hovvever, calculates to a forcg3 
conCEntration of approximately 368 ppm or a da:;cg3 of 
approximately 11 rng /ls/kg BW in an animal consuming 
3 % BW daily. The latter numbers arB moJB consistent 
with rBpOrted tiS5Lie conCEntrations (18-19 ppm /ls) in 
the dead deer than the roi I and vvater analysis. 

Al93nic poironing hcsalro b:e1 reported in monogcstrics. 
Nine thoroughbJBd ra::shoi93S died after showing signs of 
extremedistre:E, vveaknes:;, colic, rapid, vveak pul93, hy
j:erBmic mucous membranes, and vvatery diarrhea. It wes 
dis:::oveJBd that roughly 8 oz. of ar93nical rat poiron had 
spilled into their corn bin. R:Et rrnrtemchemical analysis 
dis:::oveJBd significant amounts of /ls in thestomoch and 
liver of two ho1935.65 Working backvvard from the num
bers pre9311ted, we estimate the ho193S ra::eived a da39 of 
betvveen 1-10 mg /ls/kg BW. Gcstrointestinal cramps, 
vomiting, diarrhea, ECG changes, and liver disruption 
developed in a 27-yEar-old woman after she ingested 
9,000 mg Psz0

3
.
66 Furr and Buci<67 poironed cats with a 

commercial ant tait. Daxs of /ls (cs N~H/lsO 4 ) greater 
than 8 rng/kg BW were lethal; the threshold of toxic signs 
wes 2 mg/kg BW, and the n~ffect level wes 1.5 mg/kg 
BN. 

In S\l\line, arsanilicacid hcs b:e1 frequently US3d csa 
growth promotant and csa treatment for S\l\line dys:mtery. 
In 93Veral caxs, exce:Eive daxs or prolonged treatment 
j:eriods ha\te resulted in a chronic syndrome characteri:zed 
by apparent bl indnes:; due to cieJ3neration of the optic 
nerve and optic chicsrna_6s.74 The toxic medlanism and 
toxicity of this cla:E of ar93nical drugs arB quite distinct 
from and les:; than inorganic /ls and wi II therefore not be 
considered further. 

At prES9nt, despite convincing epidemiologic evidence 
that very low conCEntrations of /ls in drinking vvater can 
caU93 chronic dis:a39, especially cancer, in human beings, 
there are no animal models that reliably duplicate thES9 
particular toxiceffedswithout reoorting to relatively high 
daxsand/or pharma::ologicand ~tic manipulation 
to render them more 93nsitive.19,33 The current belief, 
derived from in vitrostudiesand speciali:zed laboratory 
animal models, is that small amountsof DMA111 and 
M MA111 es:ar:e the methylation prOCe:E in j:eDpleand, 
over prolonged j:eriods, caU93 cellular clar1"lcg3 that results 
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in dis:axssuch cscancer.10,20,23,32,33,41 ,44 Dimethylarsinic 
acid (DMAv)and monomethylars::>noicacid (MMAv) 
are the main urinary metabolites of As excreted in ma:;t 
mammals; hovvever, the trivalent As metabolites, dim 
ethylarsinousacid (DMA111 ), and monomethylars::>nous 
acid (M MA111 ) have been dis:::overed in fresh urine of As
poiooned human patients.20 The glutathione conjugate 
of DMA"' wcsactually more toxic to cells in vitro than 
inorganicAs2°, and DMA111 caus:ssingle-strand breaks in 
DNA in vitro.20,75 Tlles3 proce:a:sareapparently limited 
to human being:; and speciali2Bd laboratory models; thus, 
ta:a:l upon known differenCES in metabolism, thiscla:sof 
dis:a:E and daxges does not s:em relevant for I ivestock 
and biggameanimals. 

Developmental studies of orally administered M M.Ail and 
DMAv (the metabolites of inorganic As in ma:;t non
human mammals) in ratsand rabbits determined the 
threshold of fetal damagewcssimilar to that for maternal 
toxicity or about 36 and 48 mg/kg BW, respedively6 

Administration of As by gavc::g3 to pregnant rats and mice 
did not produce morphologically evident teratogenesis at 
non-maternally toxic daxges, although there wcs rome 
evidence of behavioral changes in pups born to dams 
consuming drinking water with slightly les:; AS 11 than the 
lovvest maternally toxicdCS3.22 Convers3ly, DomingO"' 
reported that AS 11 , via the oral route of expa:;ure, wcs 
much les:; teratogenic in 93\leral species. This indicates 
that dietary limits safe for a dam should aloo provide 
adequate protection for her fetus. 

There are very fevv reports of chronic toxicity in non-m 
dent animals. Due to the rapid excretion of As in cattle, 
sheep, dog:;, etc., tlles3speciesareable to clear le&than
acutely-toxic daxs of As before they can cal.l99 much of 
a problem.25,78 The reports of chronic toxicity vve dis:::ov
ered involved daxgessimilar to thCS3 reported for acute 
or subacute poiooning. Female ~le dog:; fed 4 to 8 rng 
Na.As02 (2.3-4.6 rng As)/kg BW per day for 183 days 
exhibited d:crea:a:l vveight gains due to d:crea:a:l feed 
consumption and slightly elevated I iver enzyrnes_79 Bea
gle dog:; vvere fed varying concentrations of As cs either 
As''' or Asv for two years. At 50 ppm and les:;, therevvere 
no 111EX6Urableeffects. At 125 ppm dietary As, the dog:; 
la:;t vveight and 93\leral died with lesions of inanition.80 

Three of four sheep given 88 mg PbHAsQ/kg BW once 
per month died within 24 hours of the93Venth dCS3. The 
other sheep in the study, given 22 and 44 mg PbHAsQ 
(4.9 and 9. 7 rng As/kg BW), survived 11 daxs with no 
clinical signs.54 One of two laml:sdCS3d with 1.5 mg As/ 
kg BW/daycsPbHAs04 died after 35 days; the other 
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survived unti I the study wcs stopped at 94 days.62 Sheep 
fed a mean daily dCS3 of 1.4 mg As/kg (As species un
specified) for threevveeks remained in good condition for 
the duration of the study.81 Bucy et al.82 fed pota:Eium 
ars3nite to feedlot lamtsat daxscs high cs 3.26 mg As/ 
kg BW /day for eight weeks without advers3 effects. In a 
later study 1.75 rng/kg BW/day wcs not toxic, but higher 
daxscaus:d feed refusal and clinical signs of toxicity~3 

Peoples"8 added ars3nicacid to dairy rations at 1.25 ppm, 
a dCS3 of approximately 0.48 rng As/kg BW /day for 93\len 
weeks with no effects. Virtually all of the ingested As wcs 
eliminated a:; quickly cs it wcseaten. 

It hcs b:en pro~ that elk in the Madioon-Firehole 
watershed of Yellovvstone National Park have shorter 
I ifespans l:a:aU99 of naturally elevated As in water and 
feedstuffs. Expa:;urewcsestimated to be "greater than 
1.25 mg/kg BW/day" ta:a:l upon tiS5l.l9concentrations 
and extrapolation from bovine studies and between "0.01 
-6.2 rng/kg BW/day" ta:a:l upon forcgeand water analy
sis. The difference in longevity aloo may be due to other 
environmental differenCES between the Madioon-Firehole 
area and the control site.84 Forsberg et al.85 demonstrated 
slight but 111EX6Urable inhibition of normal rumen 
fermentation in vitro with As concentrations cslow cs 5 
mg/L of rumen fluid, but they did not provide any data 
cs to how this concentration related to dietary intake. 
As:iuming for the moment that the rumen fluid concen
tration is equivalent to the combined concentrations in 
feed and water, the concentration would be equivalent to 
a dCS3 of roughly 1 mg As/kg BW. 

Our ra:::ommendationsare ta:a:l upon the toxicity of in
organic As111 , specifically the ars3nite ion. Routine water 
quality analysis available to I ivestock producers does not 
distinguish between As species, and, although the les:; 
toxic pentavalent forms of As are more I i kely to oc:rur 
in surfa:ewaters, trivalent As iss:en frequently enough 
in specialized surveys to justify thea:sumption.86,87 It is 
suggested that ruminant animals are les:;SLS:Eptible to As 
than monogcstrics.25,88 With the exception of laboratory 
rodents, hovvever, vve vvere not able to confirm this to be 
the ca:E, thus vve have a:sumed hors:s are equally S311S~ 
tive to Ascs ruminants. 

Chronic poiooning of the type (cancer, "blackfoot dis
EXEE," etc.) that prompted lovvering the human drink-
ing water standard from 0.05 to 0.01 mg As/L does not 
apparently oc:rur in other animal species, cs demonstrated 
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by theongoings:arch for an appropriate animal model to 
study the human condition. The rnedlanism(s) puta 
tively involved in the pathog:mesis of chronic dam<:g3 in 
people, i.e. chemical attack by methylated AS 11 metabo
lites on cellular macromola:ules, do not appear to l:e 
relevant in livestock and wildlife. In domestic livestock, 
csoppc.EECI to people, m<Et Psis excreted via urinecs 
DMA111 •33 This, tog3ther with the shorter obs9rva:l half
life in theE species, sugg:sts that relatively little trivalent 
Pses:apes methylation and excretion to call99 cancer. 
Chronic poiooning in I ivestock species involves ma:::ha-
n isms similar to acute poioon i ng and require daxg:s 
very similar to acute poiooning. 

Given thea:::cumulating evidence that Psis a human 
carcinogen, the question of residuesaris:s. Can food 
animals consuming Ps from water a:::cumulate ~r
ousamountsof Ps in edible ti$UES without tllerrls31ves 
showing signs of toxicibf? The literature to datesugg:sts 
cattle, sheep, etc. eliminate Ps too quickly for this to l:e 
a concern, and a study completed in 2007 by the Un~ 
versity of M i ni1ES)tcf9,90 failed to find any evidence of Ps 
a:::cumulation in milk or edible ti$UES from dairy cattle 
watered from As-contaminated (140 1-19/L) vvells. 

The threshold toxicda:E in domestic ruminants appears 
to l:e l:etvveen 1-2 mg/kg BW. Thisda:E is in general 
cgreanent with the NRC25, which ra:::ommended 30-50 
ppm dietary Pscsa maximum tolerated da:Eand with 
other revievvs.88,91 -93 It is quite distinct from the EU 
ra::omrnendation of 2 ppm dietary Ps, for which vve have 
not l:e3n able to dis:::over any justification. Sufficient 
quantitative data VIIC6 not found toestimateasimilar 
threshold for hors:s, but thisda:E issimilar to that re
ported in another monoga:;tricspecies (dog:;)l9, and previ
ous revievvssuggest hors:saresimilar to cattle in 93nsitiv~ 
ty and/or le:E frequently affected than cattle under similar 
conditions_93,94 Therefore, its:ans rea:onable that limits 
safe for cattle should l:eadequate for hors:s. The very 
limited data in wild ruminants suggest they are similar to 
cattle in 93nsitivity. Therefore, our ra::ommendationsare 
ta:a:l upon da:x:gedata from cattle and sheep. As5uming 
negliblePs in feedstuffs, 5 rng As/Lin drinking vvater will 
provide the minimum toxic da:E of 1 mg As/kg BW to 
grazing animals in vvarm vveather. Obviously, if animals 
are ra::eivi ng any Ps from forcg3 or medications, le:E wi II 
l:e required to achieve a toxic da:E. Although vve vvere 
not able to find any significant studies of Ps in Wyoming 
forcg:s, limited data from our laboratories suggest natural 
ta:kground concentrations93ldom exa:ed a few ppm, 
except in area:; contaminated by g:othermal runoff. 
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As:iuming a NOAEL of 0.5 mg/kg BW/day and allow
ing for these small forage concentrations, ~rW ra::om
mend drinkif{J water for livestock and wildlife not 
excmd 111g k!IL. 
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3 Barium 

Barium (Ba), an alkaline earth element, oxidizes a:& 

ily when expa:a:l to air, and it is found C6 the sa+ ion 
in vvater. Barium found in surfa:eand ground vvaters 
is predominantly derived from vveathered rock and 
minerals. Common naturally cx:rurring Ba minerals are 
irmluble barite (barium sulfate, BaS04) and oomewhat 
moreoolublewitherite (barium carbonate, BaCO ), while 
the Ba2+ ion is ma;t common in natural vvaters.95 3Barium 
concentrations in vvater will likely be higher near drilling 
platforms than natural ba:kground concentrations cs 
a result of drilling muds, cuttings, and produca:l vvater 
dis:harge containing Ba.96 In vvater, ooluble Ba may 
precipitate out of aqueousoolution cs inooluble salts (e.g. 
BaS04and BaCO). At pH a:tivityof9.3or below, 
the formation of BaS041imits the Ba concentration in 
natural vvaters. Barium hcsa variety of us:s: BaSO is 
us:d in patients for dig:stive tra:t irTlC{ling and for ~il 
drilling, and BaC03 is us:d in rodenticides_96-9a 

ES:Entiality 
Barium is not an es:Eiltial element for plants or animals. 

Existing studies indicate Ba ah:orbed from the G.l. tra:t 
is primarily deposited in bones and teeth and excreted via 
fa:Esand urine.99-103 Theah:orption efficiency of various 
Ba compounds given orally varies widely (0. 7-85%) de
pending upon the chemical form, species, cg3, and fcsting 
status of theanimal.104-106 In general, moreooluble forms 
of Basuch cs barium chloride (BaCI) are more readily 
ah:orbed. Young ratsah:orb approximately 10 fold more 
BaCI2 than adults.106 Barium disappears from blood and 
milk with a half-life (t112) 111EX6Ured in ctays;100,1o2 ho'J\19\.er, 
Ba deposited in bone hC6 a t112 111EX6Ured in yc:ars, and 
disappearance from bone is generally dependent upon 
bone turnover.107 Thes3 obs3rvations, together with the 
divalent cationic nature of Ba and the fact Ba is known to 
bind Ca-dependent enzyme systems in cells, sugg:st Ba 
metabolism utilizes Ca transport systems in the body. 
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ToOCity 
Barium is toxic in vvater-s::>luble forms such cs BaC~ and, 
to a l€939rextent, BaC03. Barium sulfate is irmlubleand 
is not considered hazardous to people or other mono
gcstricanimals. The specific toxic mechanism of Ba is 
a blockade of pa:sive transmembrane pota:Eium (K+) 
conductance in excitable cells by the Bcf+ ion_97,98,108,109 
Barium aloo competes with and/or mimics the functions 
of Cain mLECie contra:tion and in s:mnd mes:Eilger 
pathvvays. 97,108 The chara:teristic systemic effect of Ba 
poiooning is "violent contra:tion of smooth, striated, and 
cardiac mLECie."109,11° Clinically, this effect is manifested 
a:; arterial hypertension and premature supraventricu-
lar and ventricular contra:tions, follovved by skeletal 
mLECie contra:tion, salivation, vomiting, colic, and diar
rhea_97,98,1oa,109,111,112 Sul:s3quently, blood pr€$Ure drops 

precipitously and skeletal mLECies exhibit fla::x:id paraly
sis. Finally, death results from arrhythmia:; and cardiac 
failure. 104,112,113 The hypokalemias:en in Ba poiooning 
is thought to rBSUit from blockade of pa:sive K channels 
and intracellular s:questration, cs Ba hC6 no proven a:tiv
ity on the Na+K+A TPa:E pump?8,1o9,114 

Data on the toxicity of Ba in grazing animals is I imited. 
Two ruminally fistulated dairy goats were infus:d with 
SmM BaCI2at a rate of 60 ml/hr. The ruminal fluid sa+ 
ion concentration vvasestimated to be 0.4 mM CEEUming 
no ah:orption or precipitation cx:rurred. After ra::eiving 
Ba2+ for six hours, the animals exhibited vveaki1E$and 
paralysis, and they died later that night. The resulting 
oral lethal da39 of BaCI2 in the goat vvas determined to 
be les:; than 4.6 rng Bcf+fkg BW.115 This Ba dc:s::gewould 
equate to approximately 23 rng/L in drinking vvater un
der conditions outlined in the Introduction. Ba poioon
ing cx:rurred during two sua::e:Eive yc:ars in cattle that 
were trailed through an abandoned lea:t/silver mine site 
containing a Sa-contaminated pond.116 Affected animals 
exhibited protruding tongues, salivation, vvatery diarrhea, 
mLECie tremors, and paralysis progres:;ing to recumbency 
and death. Six of 30 animals died the first yc:ar and 16 
of 20 thes:mnd. Liver and kidney ti$UES from affected 
animals contained elevated Ba concentrations, and other 
metals (Pb, Ps, 93, etc.) were within normal limits. Pond 
vvater contained 2.2 rng Bcf+fL; hOV\Ie\oer, clay found in 
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both theaboma:;um of thedea:l cattle and in the pond 
contained 69,000 ppm Ba. The amount of Ba, if any, 
ab&:>rl::ed from the day is prES311tly unknown. X-ray dif
fra:tion analysis of the day indicated the Ba wcs pre9311t 
primarily cs irmluble BaSO 4, with IES:Er amounts of 
BaCa[C03] 2 and BaC03salts. R~r117 fed BaC03 to 
steers at 0.4% and 0.8% of the dry matter diet to steers 
(0.28% and 0.56% Ba respectively). All three ra::eiving 
the high dCS3 died after a single day on feed; all three re
ceiving the lovver concentration remained healthy for the 
duration of the experiment. Clinical signs in the steers 
vveresimilar to thCS3 reported in monogcstrics. 

Malhi et al.118 investigated the optimum concentration of 
BaC0

3 
for a rocenticideand concluded 1.5 g of BaC0

3 
per 100 g body vveight (or 15,000 rng/kg) wcs the m<Et 
efficient rat poioon. There wcs no attempt to determine 
a minimum lethal dCS3. Mattilaet al.119 administered 
BaCI2 via the marginal ear vein of six rabbits instrument
ed with an electrocardiograph. Three to 5 mg Ba+fkg of 
BW cal..l93d dysrhythmics with and without convulsions. 
Rabbits ra::eiving 3 mg Bcf+fkg of BW survived, despite 
convulsions. Roza and Berman112 obs9rved anesthetized 
dog:; after infusing them with 0.66-2.641Jmol Ba (cs 
BaCI2)/kg/min to identify medlanismsof Sa-induced 
hypokalemia and hypertension and to study the Ba-K 
intera:tion on the heart in vivo. They found rates greater 
than 41Jmol BaCI/kg/min (-3621-19 Bcf+fkg/min) vvere 
fatal within a few minutes due to respiratory paralysis. 

In humans, m<Et acute oral toxicity data is derived from 
suicide attempts. Ga339lin110 cle:aibes the oral lethal 
dCS3 in humanscs "1-15 g." A res:arch chemist attempt
ed suicide by ingesting a tea5p00n (approximately 13 g) 
of BaCI

2
.
120 He wcs rushed to a ha:;pital and survived 

after treatment with MgS04 and KCI. E'even meml:ers of 
a family vvere poiooned with Ba after ingesting fried fish 
a:::cidentally breaded with powdered rat poioon.114 The 
exact amount of BaC03 ingested wcs not determined, 
but the breading of the fish contained 105,000 ppm of 
Ba. Three of the family rnemters displayed cla:Eicsigns 
of Ba poioon i ng, while one developed rhabdomyolysis, 
respiratory failure, and hypopha:;phatemia. All patients 
survived with treatment. In another instance, a 26-yESr
old man consumed one can of "McgicSha\,e" containing 
12.8 g of Bcf+ ion and 3 g of sulfide.121 I pa::a: wcs given 
within three hours. He suffered respiratory paralysis, 
99\fere respiratoryacidcsis, and hypokalemia. His condi
tion improved after hewcsgiven 206 meq of Kover 19 
hours. 
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Several studies have examined the chronic oral toxicity 
of low concentration BaCI

2 
in drinking water to r:eople 

l:a:aU99 of Ba's ra::ogni2BCI cardiac toxicity. Woneset 
al.122 concluded that drinking water concentrations of 5 
and 10 mg Bcf+fL did not affect any known modifiable 
cardio\ICB:Uiar risk factors. Eleven healthy men vvere 
given BaCI2 in their drinking water for six vveeks. For the 
first two vveeksof the experiment, no BaC~ wcsa:lded to 
their water. BaC~ wcs then added at rates of 2-5 rng/L 
for the next four vveeksand 10 rng Ball for the lest four 
vveeks. Thesubjedsvveregiven 1.5 L of treated drin~ 
ing water per day; any additional drinking water wcs 
distilled. Dietsvverecontrolledcsvvell csother known 
caus:s of cardio\ICB:Uiar dis:a:E. Blood (plcsrna total 
triglyceridesand HDL cholesterol), urine (Na, K, vanilly
mandelicacid, and total metanephrines), blood preEUre, 
and cardiac function vvere monitored throughout the 
study. They dis:::overed no apparent changes in modift 
ablecardio\ICB:Uiar risk factors, but therewcsa trend 
toward slightly increa:a:l total blood Ca. Brenniman and 
Levy123 conducted an epidemiological study to deter
mine if mortality and morbidity ratevveresignificantly 
increa:a:l in human populations drinking elevated Ba 
levels in their drinking water cscompared to populations 
with I ittle or no Ba expcsure. Cardio\ICB:Uiar mortality 
rates vveresurveyecl in communities with drinking water 
Baconcentrations that ranged tetvveen 2-10 rng/L. A 
morbidity study wcsaloo conducted in area:; where mean 
Ba concentrations in drinking water vvere 0.1 and 7.3 
mg/L. They found higher cardio\ICB:Uiar mortality rates 
in elevated Ba communities, but there vvere aloo 99\feral 
confounding variables. There vvere no significant diffeF 
ena:s in blood preEUre, hypertension, stroke, and heart 
and kidney dis:a:E. 

The single oral LD50 of BaCI2 in ratswcsestimated tote 
approximately 264 rng Ba/kg BW!24Short-term (1-10 
day) oral expcsure to BaCI2 at daily daxs up to 138 mg 
Ba/kg BW produced no significant advers3 health effects. 
Ba:al.l99 of the link with cardio\ICB:Uiar dis:a:E in r:eople, 
m<Et chronic laboratory animal studies focus on car
diaceffects. Barium acetate (Ba(CH3C00)2), added to 
drinking water at 5 rng Bcf+fL and fed to rats over their 
lifespan had little or no effect on growth, carcinogenesis, 
or lo~ity.125 Rats drinking water with 100 mg Bcf+fL 
cs BaCI

2 
for 16 months exhibited significant but vary

ing increaxs in systolic blood preEUre.126 In a similar 
study, the avercg3 systolic preEUre i ncrea:a:l significantly 
after expcsure to 100 mg Bcf+fL for one month and after 
10 rng Bcf+fL for eight months. After 16 months, rats 

ED_000907_00013409-00018 



expa:Ed to 100 mg Bcf+fL had cepres:a:l heart rates and 
deaea:a:t cardia: function.127,128 Another experiment ex
amined the effect of BaCI

2 
in drinking vvater for 92 days 

on 93rum electrolytes, body vveight, l:ehavior, and fertility 
in rats and m ice.129 The no oter\€d adver93 effect level 
(NOAEL) for Ba, I:HEd upon depres:a:l body vveight 
gain and renal and lymphoid lesions, was estimated to 
oo 1,120 mg Bcf+fL. Mortalitywasattributed to kid-
ney clarl"lcg3. There app:ared to oo no a:lver93 effects on 
reproduction and fertility, although there was a marginal 
reduction in pup vveights. Tardiff et al!30 studied a:ute 
oral and subchronic toxicity of Bacs BaCI2 in rats. The 
a:uteoral LD

50 
forVIIEBlling ratswas220 mg Ba/kg BW 

and for adults was 132 mg Ba/kg BW. Drinking 250 mg 
Bcf+fL for up to 13 vveeks resulted in les:; vvater consump
tion than controls, but it did not caU93 any clinical signs 
of toxicity, nor was body vveight affected. McCauley et 
al.131 found no significant lesions in ratsexpa:Ed to up to 
250 mg Ball drinking water for 68 vveeks, nor vvere there 
mea;urable electrocardiographic changes when rnea;ured 
at five months; hovvever, Ba-expa:Ed rats vvere more 93nsi
tive to norepinephrine. 

An anecdotal report of BaCI
2 
ingestion in a man suggests 

Ba may clarl"lcg3 kidneys, although the kidney lesions vvere 
likely the result of IV therapy with MgS0

4
.
120 Chronic 

Baexpa:;urecaus:s nephropathy in rodents. Male rats 
drinking 5 ppm Bacs thea::etatesalt in a life-time study 
developed proteinuria.125 McCauley et al.131 identified 
kidney lesions in rodents administered 1,000 mg Ball 
in drinking vvater for 16 vveeks. Dietzet al. identified 
kidney lesions in male and female mice ra::eiving daxsof 
436-562 mg Bcf+fkg BW/daj via drinking water for 92 
days. Rats ra::eiving thesamevvater drank leE, ra::eiving 
only about one quarter of the da:E and had much milder 
renal lesions.129 In a sub93quent two-year cancer bia:s
say, female and male rats ra::eiving 75 and 60 mg Ba+fkg 
BW /daj, respectively, in drinking water gained les:; than 
controls but did not exhibit any Sa-related clinical signs. 
Mice in the same two-year study drank up to 160 (male) 
or 200 (female) mg Bcf+fkg BW/daj and had significantly 
greater premature mortality due to kidney d is:a:E than 
did controls.132 

Most authorities indicate BaS04 is the least ooluble and 
therefore least toxic form of Ba. A United Kingdom 
risk CEEES5111911t of BaS04 des:ribed it csa low risk due 
to, among other rea:ons, lowoolubility.133 Studies by 
Mcglinteet al.134 and 93\leral deca:les U93of BaS0

4 
cs ra

diographic contrast media support the premi93 BaS04 is 
relatively nontoxic in mammals.134-137 Basulfate-deri\€d 
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Ba was poorly bioovailable in an environmental study and 
thus did not bioconcentrate ootvveen trophic levels in the 
food-chain. 138 Oneexception isastudysuggesting 131Ba 
from BaS0

4 
was nearly cs bioovailablecs BaCI

2
.139 

There area numoor of reports regarding the toxicity of iiT 
haled Ba.140-143 Since the relationship ootvveen the toxicity 
of inhaled Baand ooluble Ba in feed or water is not fully 
understood, thes3studiesvvere not included. 

Thea:utely toxiceffedsof Baaresimilar in monogcstrics 
and ruminants. This argues that 1) Ba is a valid water 
quality concern for I iVEStock and wildlife, and 2) suta:ute 
and chroniceffedsare prol:ablysimilar, if not identical, 
ootvveen theE species. The putative toxic medlanism(s) 
of the Bcf+ ion in rodents and human ooings involve 
physiologic mechanisms that are highly con93rved (i.e. 
very similar) throughout terrestrial mammals; therefore, 
any species-specific d ifferena:s in toxicity logically derive 
from species-specific difference; in the toxicokinetics of 
Ba. In monogcstric mammals, the oral toxicity of Ba 
compounds correlates with their water ool ubi I ity. Les:; 
ooluble forms of Ba (notably BaS04) are poorly ab:orbed 
and are thus considerably les:; toxic than more ool uble 
salts such cs BaCI2, l:arium nitrate (Ba(N0)2), or l:arium 
hydroxide (Ba(OH)2).105 There is no equivalent data in 
ruminants. Theoretically, reduction of theSQ salt to 
sulfide by rumen microfloramif17t result in increa:a:t 
bioovailability of the Bcf+ ion. Thereisoorne pra::edent 
for difference; in metabolism of Ba ootvveen monogcstrics 
and ruminants144, but much more needs to oo done. P>s 
a practical matter, hovvever, this theoretical effect would 
oosignificant only in oolid feedstuffs a; inooluble forms of 
Ba (i.e. BaS04) will presumably not oo pre9311t in drink
ing vvater in any significant concentration. 

The long-term effects of Ba, especially on reproduG 
tion, have been incompletely inVEStigated in any spe-
cies. A single RU$ian report of Ba inhalation toxicity 
des:rib:s reproductive lesions in both male and female 
rats145 whera:s more ra::ent rodent studies did not note 
alterations in reproductive ti$UES or reproductive funo
tion following a:ute-, intermediate- or chronic-duration 
expa:;ure to 88.129,131 ,132 Kidney damcge \,tl,$OI:erved in 
laboratory rodents following two-year expa:;ure to 200 
mg Ba/kg BW and in long-term (91-day) oral expa:;ure to 
450 mg Ba/kg BW, but it was not s:en after administra 
tion of 250 mg Ba/kg BW for 36-46 vveeks.131 ,132 
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Theonlyquantitathedataavailable in cattle indicates 138 
mg Ba/kg BW, cs BaCq, in dry feedstuffswcsa:utely 
toxic to steers, wherea:; 69 mg Ba/kg BW wcs not: 17 Ps
suming vvater consumption of 20% BW, this translates to 
690 mg Ba2+/L in drinking vvater csl::eing a:utely toxic or 
345 mg Ba2+/L cs the NOAEL. This contrcsts with the 
report of Richardset al.116 that 2 mgsoluble Ba2+/L vvater, 
plus some undetermined amount of Ba from S3diment, 
wcs immediately toxic to covvsand calves. It is also much 
higher than the toxic da:E reported in goots, where 7 mg/ 
kg BW BaCI2 (4.6 mg Ba/kg BW) wcslethal.115 It is likely 
that BaC03 in feed is not cs bioavailablecs the Ba2+ ion 
in vvater. Thea:utely lethal da:E in the goat study trans 
lates to 23 mg Ba2+/L under theCEEUmptionsoutlined in 
the Introduction. 

Obviously, much more research needs to be done 
with Ba in ruminants, but, given thecurrentstateof 
knowledge, ~uble f3a2+ (X)f}(Bltrationss/Duld be held 
to vve/1 belovv 23fTY'L to avoid acute toxicity. There is 
absolutely no data on chronicf3a2+ ion toxicity in any 
of our species of interest. This, plus the limited and 
conflicting data from chronicstudies in other animals, 
makes it impossible to pa;tulate a long-term ''safe" 
level of the f3a2+ ion in drinking water for domestic 
livestock and/or wildlife species with any degree of 
mrtainty. 

We cb not~ usif{Jwateroontainif{J more 
than 10 111J f3a2+JL even fors/Drt periods. Until 
ttere is better data, it is impasib/e to make any 
rgxmmendations n:gardif{Jchronicexpasure. 
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4 Fluoride 

Fluorine (F) is the m<Et electronegative and rea:tive of 
known elements. It rarely occurs free in nature, chem~ 
cally combining to form fluorides. Fluorides are widely 
distributed throughout the environment in various 
anthropogenic and natural forms. M i neral forms of F in
cludecryolite (Na_AIF6), fluorite (CaF2), and fluorapatite 
(~(PO 

4
)
3
F). Vegetation can a:x::umulate fluoride from 

roil, vvater, and theatma:;phere.146 In aql..IEOusenviron
ments, F occurs a:; the free fluoride ion (P) and is mobile, 
especially in alkaline vvaters.95 U nles:; surfa:e vvaters are 
contaminated by a F rource, ground vvaters tend to have 
higher concentrations ofF than surfa:evvaters. 

ES:Entiality 
The NR047 ct:s:rib:s Fa:; an "important constituent" of 
bones and teeth, and, although es:Entiality hC5 not l::a3n 
proven, small amounts have l::a3n added to municipal 
vvater supplies to improve dental health for da:ades. Ap
parently, even ifF ises:Ential, the dietary requirement is 
rosmall it isea:;ily met by even highly purified diets. Ps 
noted by Amrnerman,148 "Whether or not it ises:Ential 
for animals may be open to debate ... The fact that it is 
toxic is moreea:;ily confirmed." 

Fluoride is readily abforl::ed by the stomach, rumen, and 
small intestine. Theefficiencyofabforption depends 
upon therolubility of the specific F compound, other 
dietary components, and the species, 93X, and <::g:! of 
theanimal.147,149 Conditions that result in very low pH 
favor the formation of hydrog:m fluoride (HF), which is 
lipophilicand thusdiffus:sea:;ilyacra:s lipid membranes. 
The Pion isabforl::ed in the small intestine via a pH 
independent prOCES5.147 Soluble fluorides, i.e. the F ion 
in vvater, arealma;t 100% abforl::ed. le:Erolubleroura:s 
such a:; F compounds in bone meal are relatively poorly 
abforl::ed. Ca, Mg, AI, NaCI, and high lipid concentra
tions are known to depres:; F uptake.147,150 

Two rnedlan isms are responsible for removal of F from 
the~emiccirculation: renal excretion and depa;ition 
in calcified tiS5UES. After abforption, m<Et P circulates 
in plcsrnacs ionic F. To a les:Er extent, it circulates a:; 
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CaF
2 
or HF, or it is bound to protein:50-152 Circulating 

F reprES311ts a relatively small portion of the total body 
burden but is the form m<Et ea:;i ly exchanged with other 
tiS5UESand/or eliminated via renal filtration.151 ,152 Uri
nary excretion is the primary route of elimination and 
is directly related to urinary pH; thus, factors that affect 
urinary pH influence how much F- isexcreted.150,153 

Under "normal" circumstanCES, roughly 50% of ingested 
F is eliminated immediately, and the remainder is incor
porated into bony tiS5UES147

; hovvever, thes3 percentcg:s 
may be significantly modified by physiologic factors such 
CS<::g:!, 93X, or other factors. Calcified tiS5UESsuch a:; 
teeth and bone have a great affinity for P, incorporating 
it a:; fluorapatite in place of hydroxycpatite in the calci
fied matrix.147,153 To a certain extent, bone depa;ition 
reprES311tsa form of detoxication by decra:sing the P 
expa;ure of other tiS5UES. Fluorapatite crystals, hoVI.ever, 
are les:;roluble than the hydroxycpatite they replace and 
thus 1) persist for long periods in bone, and 2) interfere 
with normal turnover (remodelling) of bone. Therefore, 
at higher concentrations, bone F interferes with normal 
physiological prC>C13SXS like growth and healing. Since P 
depa;ition in skeletal tiS5UES is related to the turnover of 
bone minerals, young, rapidly growing animals are more 
I ikely to a:x::umulate it.147 

TO<dty 
Animals can ing:st potentially toxicdaxsof F from a 
variety of roura:s. In the pest, forcg:s contaminated by 
aluminum smelters or grown in naturally high P roils, 
rock pha:;phate fed nutritional supplements, and/or con
sumption of naturally high F vvater have resulted in F 
poironing.147,149,154-156 Larg:! daxs of roluble F can form 
corra;ive HF, interfere with ion gradients in excitable 
cells, and/or pra:ipitate divalent cations from 93rum.157,158 

Thus, acute fluora;is is manifested csga:;troonteritis, 
cardiac arrhythmia:;, and/or collap93.157 Chronic or sub
chronicexpa;ure toromewhat lovver daxs results in kid
ney dam<::g:!, 157,159,160 neurologic dam<::g:!, or reproductive 
fai lure.161-163 The m<Et 93nsitive (i.e. occur at the lovvest 
d093) clinical manifestations ofF toxia:sis in livestock 
and wildlife under real-world conditions are tooth and 
bone deformities.149,164-169 Thes3 bony ti$U9Iesions often 
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result in difficulty grazing, reduca:l fee:l intake, ill-thrift, 
and decrea:Ed performance.149,166,167 Alternating periods 
of high and low F expcsure are more toxic than a con
tinuous intake of thesameavercgeamount. Nutritional 
status and the cg3 when expa:a:l to F alro influence 
tolerance.170 

The effect ofF on l::ehavior and brain development wes 
examined in rats by injed:ing pregnant dams with 0.13 
mg/kg BW of oodium fluoride (NaF) subcutaneously on 
g:stational days 14-18 or 17-19.171 Weanling:; received 
either no NaF or NaF in drinking vvater at 75, 100, or 
125 rng F/L for six or 20 weeks, and three 3-month-
old a:lults ra::eived vvater containing 100 rng F/L for 
six weeks. Rats expa:a:l to F ha:l93x-and d093-SpECific 
l::ehavioral deficits. Males vvere m<Et 93nSitive to prenatal 
expcsure; females vvere more93nSitive to VIIEB11 ing and 
adult expcsure. Drinking vvater containing 125 rng F/L 
resulted in reduca:l growth, and 175 mg P/L wes lethal. 
Shan et al.172 treated rats with differing concentrations of 
F to investigate the effect of P on cognitive prOCE!S3:S by 
examining its effects on nicotinic acetylcholine ra::eptors 
(nAChRs) in the brain. Both 30 and 100 mg P/L in the 
drinking vvater produca:l subtle brain damcg3 indica
tive of oxidativestre:E. Paul et al.173 administered NaF 
by oral intubation daily at 20 or 40 mg/kg BW to adult 
female rats for 60 days and 111EX6Ured spontaneous mo
tor activity, motor coordination, cholineste~CEEactivity 
in blood and brain, and the protein content of mLECie, 
liver, and 93rum. Sodium fluoride treatment suppre:EEd 
spontaneous motor activity and tissue and 93rum protein 
concentrations in a d099-dependent manner. Wang et 
al.174 found decrea:a:l total phaspholipid concentrations 
and ubiquinone in rat I ivers due to oxidative stre:E after 
93\/en months of consuming vvater containing 30 or 100 
mgF/L. 

Rats vvere offered drinking vvater containing 225 mg 
F/L cs NaF for 60 days.175 As:cond group of rats wes 
alro gav<:g:3d with calcium carbonate (CaCO). The 
NaF-treated rats exhibited decrea:Ed food and vvater 
intake, reduca:l body vveight gain, and impaired nervous 
function. Fluoride-induca:l dental lesions, inhibition 
of acetylchol ineste~CEE and N+ K+ A TPa:E activity, and 
decrea:a:l93rum protein improved after NaF withdraNal. 
Calcium treatment l€93311ed the impact ofF by deere:& 
ing93rum F concentrations.175 Ratsgiven drinkingvvater 
with either 30 or 100 mg F/L cs NaF for 99ven months 
had decrea:a:l kidney proteins and BW gains, and dental 
fluora:;is.159 Ten or 30 mg F/L a:lministered to male rats 
via drinking vvater for three to six months did not caU93 
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any overt clinical effects but did produce biochemical in
dications of liver dam<:g3.176 Oral administration of NaF 
in vvater at 5 or 10 mg (2.25 or 4.5 rng F)/kg BW/day 
for 30 days to adult male rats resulted in reduca:l body 
vveight.163 Testicular cholesterol and 93rum test<Eterone 
levels vvere not affected, but sperm motility and count 
vvere decrea:a:l resulting in a significant dedine in ferM 
ity. Heindel et al.177 studied fetal development in rats 
and rabbits fed up to 300 or 400 rng NaF (135 or 180 
mg F)/L drinking vvater, respa:::t:ively, during gestation. 
Although there vvere no teratogenic effects at any cla:E, 
dams I<Et vveight after drinking vvater with concentra
tions greater than 150 mg NaF/L (rat) or 200 mg NaF/L 
(rabbit). 

Certain elements are known to interfere with the uptake 
ofF, a fact rome have attempted to exploit therapeutica~ 
ly. Rats ra::eived drinking vvater treated with equivalent 
amounts ofF a:; aluminum fluoride (AIF

3 
0.5 mg/L) or 

NaF (2.1 mg/L) for 52 weeks to evaluate 'the interaction 
of AI with F:78 AIF

3
e reduca:l the neuronal density of the 

brain neocortex compared to the NaF and control rats. 
Brain and kidney AI concentrations vvere higher in both 
AIF

3
- and NaF-treated groups than in controls. Rabbits 

vvere fed drinking vvater containing various combinations 
of either F (1-50 rng/L cs NaF) or AI (100-500 rng/L cs 
AICI) for 10 weeks. Although none of the treatments 
resulted in significant vveight la:s, AI treatment decrea:Ed 
F a:::cumulation in bone. Surprisingly, F, by it931f, in
crea:a:l bone AI concentrations, suggesting AI or an AI-F 
complex play a role in a:;teofluora:;is.179 Ke:Eibi et al. 180 

gav<:g:3d sheep with 0, 1.9, or 4.7 mg P/kg BW, with or 
without 13.5 mg Al/kg, for 33 months. In all treated 
animals, the general health status ded ined and <Eteo
dental signsapp:ared while F levels increa:a:l in teeth, 
bones, and organs. In sheep given 4.7 mg P/kg BW, 
lesions vvere ob93rved in kidney and I iver. Aluminum su~ 
fate ( (AI2(SO 4)3) alleviated rome, but not all, of the effects 
of 1.9 mg F/kg BW. 

Rats and micevvere fed no NaF in drinking vvater or at 
11, 45, or 79 mg F/L for up to two y:ars in a carcino
genesis bia:s:;ay.181 Body vveights and survival rates of 
F treated ratsand micevveresimilar to controls. Osteo
sarcoma:; occurred in a small, statistically, and historically 
insignificant numl:er of male rats at the highest cla:E, 
while therewes no evidence of carcinogenic activity in 
female rats or mice of either 93X. Rats on the highest 
two daxg:s alro exhibited rome i ncrea:a:l <Eteo- and 
dental fluora:;is.181 Deer mice captured and fed 38, 
1 ,065, 1 ,355, or 1 ,936 ppm dietary F for eight weeks 
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la:;t vveight and many died at the highest da:E.182 The 
toxicological respo1193and metabolism ofF by three 
species of wild mammals (two species of voles and wood 
mol.l93) vvere compared to laboratory mice.183 Animals 
vvere given no NaF or 40 or 80 mg P /L cs NaF in their 
drinking vvater for up to 84 days. Forty and 80 mg P/L 
treatments caU93d mortalities in the voles, probably cs a 
result of the greater vvater intake of this species. Severe 
dentallesionsvvereapparent in all animals surviving the 
80 rng F/L treatment. 

Osteo-dental fluora:;iswcsol::s3rved in cattle, buffalo, 
sheep, and goats from 93\/eral vi lieges in India where the 
mean F concentration in drinking vvater rang3d tetvveen 
1.5 to 4.0 mg/L.164 Forcg3 F concentrations vvere not 
me:sured, but the situation de:aited sugg:stsonly 
ta:kground concentrations vvere pre9311t. The prevalence 
and 93\/erity of skeletal fluora:;is increa:a:l with increa:r 
ing F- concentration and cg3. Cattle and buffalo near 
a pha:;phate plant in India developed dental and bony 
lesions due to fluora:;is.164 Lesions vvere more common in 
older animals than younger and in buffalo than in cattle. 
Environmental F concentrations vvere: 534 mg P/kg in 
fodder, 1.2 rng P/L in pond vvater, and 0.5 mg P/L in 
ground vvater, which, CEEUming standard consumption 
of forcg3and vvater, would have provided approximately 
14 rng F/kg BW. Two ranches, one with drinking vvater 
containing up to 10.5 mg F/L, the other with 3 mg/L, 
vvere compared in Argentina.185 While both had similar 
forcg3 F values (-15-25 ppm), cattle from the former 
exhibited exceEive dental era:;ion. Neeley and Har
taugh186studied a Texcsdairy herd drinking4-5 mg F/L 
teforeand after mancg3ment changes that resulted in 
increa:a:t F intake from 0.52 mg/kg BW to 1.69 mg/kg 
BW, primarily csa result of increa:a:l vvater consumption. 
Ma:;t animals exhibited dental fluora:;is both teforeand 
after the change, but breeding efficiency and preduG 
tion increa:a:t after the change, probably cs the result of 
tetter nutrition and mancg3ment. Rand and S:hmidt187 

follovved 93\/eral Arizona herds' drinking vvater containing 
16 rng F/L and consuming forcg3 containing up to 25 
ppm F. They concluded 1 mg F/kg BW can te tolerated 
for 5-10 ymrswith only minor ca:;meticeffeds, but 2 mg 
F-/kg BW will result in a:x:elerated tooth vvear and signs 
of a:;teofluora:;is. After the Lonquimay volcano erupted 
in Chile, animalsvvereexpa:Ed to vvater concentrations 
les:; than 2 mg F/L and cs much cs48 ppm Fin forcg3. 
Two ymrs later cattle vverestill developing fluora:;is! 88 

Cattle fed a contaminated supplement that provided 
tetween 0.7-1.6 rng F/kg BW/day for a ymr developed 
bone lesions and dental fluora:;is.189 
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Merriman and Hobbs190 conducted an extensive five-ymr 
study of the interactions tetvveen soil and vvater P and 
nutrition in cattle. Cattle on pcstures with avercg3 forcg3 
concentrations of 143 ppm F developed dental fluora:;is. 
Fluoride in soil, vvater, and gra:a:s reportedly did not 
affed: gain, but the experimental design wcs too small to 
rei iably detect difference; in performance. Suttie et al.191 

fed dairy calves 1.5 or 3 mg F/kg BW, either continu
ously or in a six-month rotation, for six ymrs. Bone P 
wcs related to total intake and urinary F remained high 
during the "off" period, but dental lesions vvere related 
to the F concentration when teeth vvere teing formed. 
None of the treatments "affed:ed growth or reproduG 
tion," but only a small numter of animals wcsstudied. 
The physiologic effa:::ts of forcg3 contaminated by fumes 
from an aluminum smelter and NaF-treated forcg3vvere 
examined in cattle.192 Gainsvveresignificantly les:;on 
diets containing more than 200 ppm F cs NaF. Cattle 
ra::eiving 70-100 ppm F exhibited deaea:a:l reproduc
tive efficiency indira:tly attributed to dental fluora:;is. 

Cattle vvere fed 134 ppm dietary F cssoft pha:;phate or 
CaF2 or 67 ppm F cs NaF for 91 days to compare the 
bioaVailability and toxicity of the different soura:sof F. 
Feed consumption, avercg3dailygains, and feed conver
sion vvere not influenca:l by source of P193; hovvever, 
the study wcs too short to detect dental effa:::ts, and no 
controls vvere included. Shupe et al.194 summari:zed 30 
ymrs of experimental and ol::s3rvational studies in cattle, 
sheep, hors:s, deer, elk, and bison expa:Ed to differing 
F- concentrations. They concluded that exceEive dietary 
F- during tooth formation damcges teeth, and the abnor
mal vvear of theE teeth results in impaired performance. 
Offspring from F -darncged animals shovved no signs of 
fluora:;is. Short-term expa:;ure of dairy heifers to 2.5 mg 
F-/kg BW during 13-15 or 16-18 months of cg3 resulted 
in 93\/eredental fluora:;is, even though the total F intake 
wcs not exceEive.195 Eckerlin et al.196 and Maylin et al.197 

de:aited a farm where P-contaminated concentrate 
contributed approximately 12.8 to 56 ppm F to the diet. 
Covvs had depres:Ed milk production, while their calves 
exhibited dental and a:;terofluora:;isand had 93\/erely 
stunted growth. 

Holsteins vvere rai93d and maintained for 7.5 ymrs on 
forcg3containing 12, 27, 49, or 93 ppm Fcs NaF:98 

Initially, F had no effect on feed intake, digestion cref. 
ficients, or nutrient absorption. Hovvever, after the covvs 
had l:e3n through two lactations, cattle consuming the 
higher two F diets consumed and digested leE. The "to~ 
erance level" for dietary F wcs concluded tote tetvveen 
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27-49 ppm of the total diet. Mclaren and Merriman199 

monitored b:ef cattle maintained on "high" (125 ppm) 
or "low" (37 ppm) F p:sturesand "good" (80-100% of 
NRC ra:::ommendations) or "poor" nutrition in a 2x2 fa3. 
torial experiment. They conduded neither F concentra
tions nor plane of nutrition had any effed on the "g:meral 
health" of the animals. Sixteen dairy heifersvverefed hay 
containing 10 or 62 ppm For 10 ppm hay supplement
ed with CaF2 at 69 ppm For NaF at 68 ppm F, for 588 
days.200 The P diets resulted in daxg:s of 1.14, 1.32, or 
1.29 mg F/kg, respectively. Calcium fluoridewa:;le:E 
toxic than contaminated hay or NaF. Fluoride cat.l93d 
no advers9 effa::ts on ooft ti35l.e but did cal..l93 significant 
clan1cg3 to teeth and bones. Van Rensburg and de Vrifl1 

fed covvs 5-12 mg F/L in drinking vvater, with or without 
superpha:;phate, through four breeding s:a:;ons. By the 
s:cond s:a:;on the 8 and 12 mg F/L groups exhibited 
prolong3d pa;t-parturition anestrus, and fertility dedined 
in tha:E two groups during the third s:a:;on. By the 
fourth s:a:;on toxiceffa::ts vvereapparent in the 5 mg F/L 
group cs vvell. 

Sheep vvere maintained on 2, 5, or 10 mg P/L drink-
ing vvater from natural ooura:s for four y:ars.202 The 
highest da:Eaffeded wool production, prol:ebly csa 
result of limited food consumption caus:d by dental 
fluora:;is. Pregnant 6'v'VESdrinking 10 rng P/L vvater 
did not transmit toxic quantities ofF to the fetus or to 
the lamb through milk. Sheep fed a commercial, non
defluorinated, rock pha:;phate lick to provide2 mg P/kg 
BW shovved signs of fluora:;is.203 Thirty-93\1811% of the 
commercial flock wa:;affected, csoppa:Ed to only 17% of 
the breeding animals of thesamecg3 that vvere in tetter 
nutritional condition. Cattle and sheep rai93d on South 
African farms where water F rang3d from 4-26 rng/L and 
forcg3 from 5.3-22.4 ppm experienced EeVere a:;teo- and 
dental fluora:;is.204 Assuming normal consumption of 
forcg3 and vvater, the da:E ra::eived wa:; tetween 2-4 rng 
F/kg BW. A ranch in Nevv Mexico experiencing dental 
fluora:;is wa:; dis:::overed to have water ooura:s vary-
ing from 0.09-3.32 mg F/L. Interestingly, the higher 
concentrationsoc:rurred in vvellsonly us:d during part of 
the y:ar, and a child drinking from the highest vvell had 
dental fl uora:;is cs vvell.205 

Hors:sand swine are telieved tote le:Esus::sptible to 
fluora:;is than cattle and sheep, but there is I ittle clinical 
and no experimental data to support the contention.147 

Hors:sgrazed in F contaminated area:; developed similar 
fluoroticsignscscattleandsheep.206 Slvine ra::eived no 
NaF or vvere fed 200 or 1,000 ppm dietary P cs NaF 
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for 45 days in an experiment to determine theeffa::ts 
ofF on bone growth.207 The higher concentrations of 
F produced da:&related cleaeaxs in bone growth, feed 
consumption, and overall growth. Bones from P-treated 
pigs vvere leE den93 and exhibited growth plate abnor
malities. 

Fluoride toxica:;is wa:; di~na:Ed in elk, deer, and bioon 
on the l::a5isof lesions and F concentrations in teeth 
and bones collected by hunters in Utah, Wyoming, and 
Idaho. Veg3tation and water samples collected from 
area:; where fluorotic animals vvere dis:::overed contained 
5.5-430 ppm F and 0.5-24 mg F/L, respectively~ The 
im.etigators conduded that geographic area:; where do
mestic livestock have chronic fluora:;isarealoo problem
atic area:; for wildlife, which implieswildlifeare roughly 
equally 93nsi tive to F. Suttie et al ~ studied deer near 
a nevv aluminum smelter where forcg3 concentrations 
rang3d from 1-30 ppm F. All deer had i ncrea:a:l dental 
F and rome mild ca:;metic fluora:;is, but none exhibited 
exce:Eive tooth vvear. TiS5Lie F concentrations in deer 
di~na:Ed with fluora:;is on the l::a5is of dental lesions 
near an aluminum smelter vveresimilar to tha:E reported 
for cattle.210 Suttieet al. fed 25 or 50 ppm P cs NaF to 
whitetail deer falvns.211 Fluorotic lesionsvveresimilar to 
tha:E in cattle fed the same amount, but cattles:em to 
develop more bony lesions and fevver dental lesions than 
deer. Vikoren et al~12 surveyed 93\.oeral hundred jaJVbones 
from mOa:E, red deer, and roo deer near aluminum smelt
ers where forcg3 concentrations avercg3d 30 ppm P, and 
they aloo looked at a small numter of sheep in the same 
area. Although the overall incidence of fluora:;is wa:;low, 
tiS5Lie concentrations vveresimilar in sheep and cervids, 
and the threshold bone F concentration for dis:a:E in 
cervids wa:; similar to what wa:; previously reported in 
domestic sp:cies. 

Fluoride g3nerates considerable controversy in human 
health, larg3ly cs a rBSUit of the common practice of 
fluoridating municipal water supplies. Wevvere not, 
hovvever, able to find any convincing experimental stud 
ies that sug;J:Sted the dramatic effa::ts CEFOCiated with 
acute expa:;ure to relatively larg3 daxs of P carried over 
to low level, long-term expa:;ure. Although there area 
fevv reports of dental fl uora:;is in r:eople at slightly lovver 
concentrations, the current primary drinking vvater stan
dard for human consumption is4 mg F/L; thes:condary 
standard, apparently ba:Ed upon cosmetic dental effa::ts, 
is2 mgF/L. 
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Our s:arch of the I iterature pertaining to fluora:;is in 
animals yielded similar results. We vvere not able to find 
any reports of toxic effects in livestock or wildlife that 
oc:rurred at lovver F daxg:s than ca.t99 a:;teo-clental 
fluora:;is. Thus, csa practical matter, maximum tolerable 
concentrations ofF in vvater for livestock and wildlife 
should be ba:Ed upon dental and a:;teal effects. 

The effects ofF in feedstuffs and vvater are additive; what 
really counts is the total daB of biologically available F 
ing:sted by the animal. Ma:;t of the reportsvve review:d, 
when reduced to rng F/kg BW, indicate the threshold 
daB for chronic a:;teo-dental fluora:;is in cattle is ap
proximately 1 mg F/kg BW. This is in cgreernent with 
the NRC,147 which indicates 30-40 ppm dietary F (which 
translates to 0.75-1.0 mg F/kg BW) is the tolerance level 
for the more99nsitive (i.e. during rental development) 
cla:a:s of cattle. 

Numerous studies have remonstrated the sus::eptibi I ity of 
wild ungulates (deer, elk, etc.) to fluora:;is; hovvever, there 
hC6 ten only one controlled experirnent211 from which 
da:e-respon99 can be extrapolated. A fe.N other epide
miologic studies proviresufficient data to form rough 
estimates of the amount ofF required to produce signs of 
fluora:;is in cervids. Taken tog3ther, tlles3 indicate wild 
cervidsareapproximately CSS9nsitive to the toxic effects 
ofF cs cattle. Sheeps:an to be slightly les:;S9nsitive 
than cattle although one Austral ian report indicated long
term expa:;ure to cslittlecs10 mg F/L drinking water 
in Qt.a311Siand decrea:Ed wool production.202 Given 
temperatures in that region, vvater consumption probably 
resulted in 1-2 rng F/kg BW for much of the year. The 
role report that induda:l any data on hors:ssuggested 
hors:s are two-fold more tolerant than cattle, but it ga:s 
on to d:s:ribesituations in which ruminants and hors:s, 
sharing a pa:;tureand water supply, vveresimilarly af. 
fected. 

As5uming Wyoming forcges normally contain les:; than 
10 ppm F-213 , a vvater concentration of 3.75 rng F/L 
would be required to achieve the 1 mg F/kg BW neo:s 
sary to caUS9 fluora:;is in cattle, and vvater containing les:; 
should not caUS9 mea:;urable production problems. 

We mxxnmenc:/ water for cattle rontain le35 than 2.0 
11gi'L P. By extension, ~ watetsshould am be safe 
for s~Jf£p, CBVids, and probably ID19?S. 
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5 Molybdenum 

Molybdenum (Mo), an es:a1tial tra::eelement required 
for nitrog311 fixation and the reduction of nitrate to 
nitrite in plants and ta:teria, is widely distributed in 
nature.214 Geochemical surveys in England found that 
Mo content in ooil and 93diment correspondscla:Biy 
to underlying black shales.215 Other ooura:s of Mo in 
the environment include industrial contamination by 
metal alloy manufacturing, copper mining, and coal 
mining.216-221 Molybdenum oa:::urs predominately cs 
the molybdate (MoO/") ion in natural vvater ooura:s, 
and concsntrationsare typically very low (<2-3 1--19fl), 
unles:; contaminated by an outsideoource, in which am 
they can rea:h 25 mg Mo/L.222·223 In forcg3, Mo con
csntrations vary and depend on the Mo concentration, 
moisture content, and the pH of thesoil.222-224 Alkaline 
environments greatly increa:E the bioovailability of Mo to 
plants, and thus increa:E the likelihood of Mo toxicity in 
grazing animals.222·225 Surveys have identified extensive 
area:; of forcg3 containing potentially toxic concsntrations 
of Mo (10-20 ppm) in at la:st fivevvestern states, includ-
i ng Wyom i ng.226 

ES:Entiality 
Mo is an es:a1tial element for mammals due to its 
involvement in theenzymesaldehydeoxida:E, sulfite 
oxida:E, and xanthine oxida:E.214·227 Ps a cofactor for 
thes9 enzymes, it aids in catalyzing the oxidation or 
metabolism of sulfur-containing amino acids, purines, 
pyrimidines, and aldehydes.214 Experimentally, dietary 
Mo deficiency decrea:a:l feed consumption and cau93d 
a 25% reduction in live-vveight gains in adult goats, 
and kids from deficient dams gained les:; compared to 
control animals.228·229 Reproductive effeds of deficiency 
include decrea:Ed pregnancy rates and higher mortality 
in offspring.227-229 Dietary requirementsareoo low (about 
100 ppb D M ), ho~J~~eVer, that deficiency is very rare under 
natural conditions.227 

Once ing:sted, Mo iscb:orl::ed in the stomach and 
throughout thesmall intestine. In thesrnall intestine, 
Mo04 is actively transported acra:s the muro:al epithe-
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lium via the same carrier-mediated transport medlanism 
that transports sulfate (S04).230 The administration of 
SO 4 to f'ID'1C93Sfricanimals consuming a Mo-rich diet de
creaxs blood Mo concentration and increaxsexcretion, 
potentially alleviating toxicity.23o.234 Interestingly, dietary 
S increaxs the toxicity of Mo in ruminants, presumably 
csa result of thiomolybdate formation in the rumen. 
Molybdenum is transported in the blood cs Mo04, where 
it is distributed to tiS5UES for integration into enzyme 
systems. Excretion is primarily via urine; hovvever, fa:Es 
and milk can aloo99rvecs important routes of remov
al.214·235-238 The rate of al:rorption differs among;t species, 
cg3groups, and 99X. For example, after orally administer
ing Mo to swine and cattle, it wcs found that Mo p:eked 
in the blood of swine after two to four hours, while it 
took 96 hours to p:ek in cattle.238 Water ooluble forms 
of Mo, such a:; ammonium molybdate ((N H4)6Mo70 24), 
oodium molybdate (N8zM004), and Mo from forcg3, are 
more readily al:rorl::ed than their organic counterparts.214 

The ruminal interaction betVI.Eal Mo, S04, and Cu is 
responsible for the greater 99nsitivity of ruminants than 
monogcstrics to Mo. In the rumen, sulfur compounds 
(m<Etly SO 4) are reduced to sulfide by rumen microbes. 
Sulfide then combines with Mo04 to form either tri-or 
tetrathiomolybdates (TM).214·239·240 Thus, in ruminants, 
relatively little Mo04 or S rea:h the small intestine to be 
al:rorl::ed cssuch. In the rumen, TMs bind irreversibly 
to the ool id pha:B of digesta and act cs powerful chelators 
of Cu, retaining it in the gut. Psa result, Cu al:rorp-
tion from the Gl tract is decrea:Ed cs much cs 88%_241-245 
Trithiomolybdates can also enter the circulatior¥41 -246 

where they bind cooperatively with Cu to albumin, 
resulting in d:crea:Ed availability of Cu for critical funo
tions. Ba:aUS9 this complex is inooluble in trichloroa::etic 
acid (TCA), the term "TCA-soluble" Cu is often u93d 
a:; a synonym for biologically US9ful Cu.241 -245-247·249 Psa 
COr199C!uenceof the binding to albumin, biliary excretion 
of Cu is enhanced, les:; Cu is incorporated into enzymes 
such csceruloplcsmin (Cp), and les:; Cu is stored in 
tiS5UES. The decrea:a:l avai labi I ity of Cu for enzyme 
synthesis impacts a number of physiologic prOCE!S3:S, 
including immune function and bone and elcstin forma
tion.242·245·250-261 Trithiomolybdates bound to albumin are 
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relatively stable; hovvever, once unbound, TMsare rapidly 
hydrolyzed to Mo04 and S0/46

'
249'262 

Si nee the din ical effa::ts of molybdena;is are in large part 
due to s:condary Cu deficiency, it is U99ful to review Cu 
metabolism. Although Cu is an ES3311tial trace element 
for all mammals and deficiency is frequently CEFOCiated 
with a number of maladies, the Cu ion its91f is quite 
toxic to cells. Thus, the metabolism of Cu in mammals 
involves a number of different carrier and storc:g3 pro
teins that bind Cu, permitting it to beabs:>rbed, distrib
uted, and eliminated without expa;ing cells to exce:Eive 
amounts of the free ion. Copper isabs:>rbed in the 
intestine by carrier proteins and stored in muro:al cells a:; 

a protein complex.263 In monogcstricspeciessuch cs rats, 
hors:s, and swine, m<Et uptakeoc:x:urs in thesmall in
testine. In ruminants, there isoomeevidencesignificant 
abs:>rption aloo oc:x:urs in the large intestine.245 Copper is 
transported to the liver bound to albumin and trans:u
prein, where the proteins and their bound Cu atoms are 
taken up into hepatocytes.263 Within the liver cells, Cu 
is distributed betVI.Eel various storc:g3 proteins, especially 
metallothionein (MT), micra:omes, nuclei, lygmmes, 
and thecyta:ol.245,263 Copper isexported from the liver 
to the rest of the body for incorporation into enzymes a:; 

a protein complex with Cp. 

Tooty 
Despite the fact Mo is intrinsically (i.e. without metabo-
1 ism to T M) toxic?45,264,265, s:condary Cu deficiency is the 
m<Et common pathog:mesis underlying molybdena;is. 
The form of Mo ing:sted and, more importantly, the 
Cu: Mo ratio are critical determinants of toxicity~-268 

Cu:Mo ratia;of 2:1 or les:; result in clinical signs, and ef. 
fa::ts are exa::erbated by high dietary 8.267 Various author
ities have ra:::ommended Cu: Mo ratia; of 4:1 or greater 
cs the minimum "safe" ratio.214,267,269 Signs of a::ute Mo 
toxicity indudegcstrointestinal irritation, diarrhea, liver 
and kidney da111Cg3, and, ultimately, death~53,267 ,270 Diar
rheaappears to be a direct effect of Moon the intestinal 
muco:al cells, rather than Cu deficiency~45 In chronic 
poiooning, anorexia and vveight la:Eare initial clinical 
signs, follovved by diarrhea, anemia, depigmentation of 
the hair ooat (achromotrichia), ataxia, and bone and joint 
deformities.214,267,271 ,272 Integumentary lesionsand bone 
and joint deformities are prol:ebly due to deficiencies of 
93Veral Cu-clependent, critical enzymes, cs vvell cs pa:E~ 
bly ct:crea:Ed Pin bone.267,273,274 Decrea:a:l reproductive 
function, including d:crea:a:llibido and fertility, hcsaloo 
1:a3n CEFOCiated with molybdena;is.266'275-278 
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Acute to sul:a:ute toxicity hcs l:a3n demonstrated exper~ 
mentally and oc:x:urs naturally in cattle, buffalo, and mule 
deer. Thea::x:idental addition of N~Mo04 at the rate of 
19,000 ppm (estimated Mo concentration 7,400 ppm) to 
cattle rations resulted in decrea:Ed feed intake, hind limb 
ataxia, profUS3 salivation and ocular dis::harge, diarrhea, 
liver and kidney dall1Cg3, rough hair ooat, and death.270 

Feeding 1.36 g Moper head rsr day to five covvs for an 
unspecified amount of time produced extremes:::ouring 
and la:Eof condition in threeanimals.279 After consum
ing a ration containing 10.5 ppm Cu and 140 ppm Mo 
for three to four days, Holstein-Friesian lactating covvs 
and steers developed hemorrhcgic diarrhea and front 
limb lamenes:;, and they died.28° Contaminated grazing 
pcstures with forc:g3 Mo concentrations betVI.Ee116-24 
ppm and 6-11 ppm Cu resulted in acute diarrhea, la:E 
of condition, and pa;terior stiffnes:; in cattle.221 Feeding 
2,000 ppm Mocs (NH4)6Mo70 24 for three days resulted 
in diarrhea and feed refusal in cattle.281 After grazing a 
pcsturecontaminated with US3d motor oil containing 
molybdenum bisulfide for two vveeks, cattle exhibited 
diarrhea, anemia, decrea:Ed milk production, achromotri
chia and hind I imb vveaknes:;.282 Four male buffalo vvere 

' 
given 5 mg N8zM004 (2.35 mg Mo)/kg BW/day for 
180 days; by two vveeks, clinical signs included diarrhea, 
decrea:Ed vveight gains, incoordination, svvelling of hind 
fetlocks, and irregular hoofvvear~83 Including 2,500 ppm 
Mo cs N8zM00 4 (equivalent to approximately 62.5 mg 
Mo/kg BW) or more in the diets of mule deer for 33 days 
resulted in diarrhea and feed refusal; wherea:;, smaller 
daxs vvere without apparent effect. The authors con
cluded that deer are relatively resistant to Mo, compared 
to cattle.284 

Relatively few studies of molybdena;is have l:a3n con
ducted in monogcstrics. M<Et of thes9 involve relatively 
largedaxsof Moand don'ts:em to involve Mo-Cu-S 
interactions.233,285-288 Rats given a diet containing 1,000 
mg N8zM00/kg BW for fivevveeksgained s~gnificantly 
les:; than controls, and 50% developed mandibular exa:r 
taxs_2a9 Feeding rats 1,200 ppm Mocs N~Mo04 for six 
vveeks resulted in decrea:Ed vveight gains, and skin, tail 
ring:;, and femurs all required much les:; force to break 
compared to control tiS5UES.290 Six hundred ppm Mo 
fed to rats for three vveeks caUS3d a depres:;ion in nutr~ 
ent utilization and decr€833 in gain.266 Rats consuming 
800 ppm Mo for five vveeksshovved a 36% dep1BS5ion in 
growth; adding 0.29%804 largely prevented thisef
fect.233 Male rats given 1,200 ppm Mocs N~Mo04 for 
four to fivevveeksshovved a 53% reduction in growth cs 
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vvell cs reduCEd feed intake, followed by death.285 One 
thousand ppm dietary Na.zMo04 resulted in vveight la:s, 
diarrhea, hair chang:s, palpable mandibular nodules, and 
other bone and joint abnormalities in rats.291 Rats fed 
20 ppm Mo and 5 ppm Cu showed significant reduction 
in gains and depigmentation of hair.275 Rabbits con
suming 1,000 ppm Mo cs Na.zMoO 4 in a diet with 16.4 
ppm Cu developed anorexia, alopecia, slight dermata:;is, 
and anemia, and they died after four VI.Eek.s.273 Fee:ling 
rabbits4,000 ppm Na.zMo04 (roughly 55 mg Mo/kg 
BW) for four weel<s resulted in anemia, abnormal bone 
development, and cleJ3neration of myocardium and 
skeletal ml.lfCies.292 Ponies fed up to 102 ppm Mo with 
normal (9 ppm) dietary Cu remained csymptomatic for 
50 days.293 Similar results vvere reported in colts fed 50 
ppm dietary Mo.287 Four hors:s fed 20 ppm dietary Mo 
cs 99Mo did not exhibit any signs of molybdena:;is or de
ranged Cu metabolism. The radia:dive lal:el in plcsma 
wcs bound to the Mo04 ion rather than TM, css:en in 
ruminants. 288 

Chronic toxicity hC6 been in'v€Stigated both in field stud
ies and experimentally in cattle, sheep, and ruminant 
wildlife. Fo~containing 24-28 ppm Cu and 14-126 
ppm Mo that had been contaminated by a metal alloy 
manufacturing plant resulted in emaciation and diarrhea 
in cattle teginning four weeks after introduction to the 
affected pcsture.219 Cattle grazing pcsture contaminated 
by aluminum alloy plants at aconcsntration of 77.5 ppm 
Mo exhibited EBVeres:::ouring, la:sof condition, cleaea:a:l 
milk production, and achromotrichia.220 Cattle grazing 
pcstures containing 1-20 ppm Mo exhibited diarrhea, 
listl€$11€$, and abnormal hair color compared to animals 
grazing pcstures containing< 1 ppm Mo with no cl ini-
cal signs.218 Feeding two male calves, with ave~ body 
vveights of 460 pounds, 4.0 g N~MoO /daf resulted 
in diarrhea, dis:::olored hair, vveight la:s, anemia, and 
cleaea:a:ll ibido.266 Cattle consuming a diet containing 
4 ppm Cu and 5 ppm Mo exhibited cleaea:a:l vveight 
gains, cleaea:a:l feed intake, and abnormal hair texture 
and color after 16-20 weel<s.264 Pcstures containing 25.6 
ppm Mo produCEd EBVere diarrhea, emaciation, ane-
mia, faded hair color, salt craving, and death in grazing 
cattle.294 Yearling steers given 1.5 mg Mo/kg BW for 150 
days and grazed on pcsture containing 0.32% S devel
oped diarrhea, inflammation of the sheath, rough hair 
aEt, and anemia. 295 

Grazing fo~ containing 4-14 ppm Cu and 95-460 
ppm Mo and drinking water with 141..19 Cu/L and 7,200 
1..19 Mo/L for 11 weeks resulted in watery diarrhea, rough 
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hair CXEts, and a stiff shuffling gait in 50% of cow-calf 
pairs.296 Fo~ contaminated with 2-220 ppm Mo 
cat.l93d diarrhea, roughening and dis:::oloration of the 
hair CXEt, and vveight la:s in grazing cattle.297 Fo~ 
concsntrationsof 16.5-23.5 ppm Moand 2-25 ppm Cu 
resulted in diarrhea, vveight la:s, and achromotrichia in 
cattle.298 Feeding 100 ppm Mo to heifers for 11 months 
resulted in anemia, s:::ouring, achromotrichia, and vveight 
la:s. Five of 16 died two weel<s after termination of the 
experiment.299 Heifers ra::eiving diets containing 100 
ppm Moand 0.3% ScsS041::a:ameemaciated and 
diarrheic after one month at this treatment level. Heifers 
given 5-20 ppm Mo with 0.3% S or 50 ppm Mo with
outadda:ISdid notexhibitanysignsof illnes:;, but they 
did have cleaea:a:l tissue Cu compared to controls:100 

Weight la:sand s:::ouring vvereevident in rovvs ing:st-
ing 173 ppm Mo for two months. Diets containing 
53 and 100 ppm Mo did not produce clinical signs but 
did interfere with Cu metabolism.301 Fo~containing 
6-36 ppm Mo resulted in emaciation in cattle with 99vere 
diarrhea, anemia, achromotrichia, and swollen genitals.302 

Water containing 50 ppm Mo induCEd signs of s:cond
ary Cu deficiency in five-weel<-old calves:1°3 Moa39 in 
SNeden have ten reported to exhibit signs of molybde
na:;issimilar to cattle, including diarrhea, emaciation, 
achromotrichia, sudden heart failure, and a:;teopora:;is; 
hovvever, no levels of Mo in the fo~ or water ooura:s 
vvere reported.304 

Sheep grazing pcstures containing 5.5-33.5 ppm Mo 
and 6.0-8.7 ppm Cu for 76weeksdeveloped hemor
rllc{jing around the femoral heads, tuter sacrales, and 
p&:lE6 ml.lfCies. Exa:;taxs vvere frequent on humeri and 
femurs, and the peria:;teum appeared to have lifted from 
the bonesurface.225 Fee:ling eJVES 1 kg commercial gra:s 
cubes with 5 ppm Cu and supplemented with N~SO 4 
and (N H4)6Mo70 24 to provide 10 g 804 and 50 rng Mo, 
respectively, until one month prior to lambing resulted 
in incoordination of front and hind limbs and a marked 
ataxia in lambs within 60 days of birth.305 Sheep grazing 
pcstures with 20 ppm Mo and 5-7 ppm Cu developed 
coni1Ed:ive tissue lesions including lifting of the peria:r 
teum and hemorrllc{jing in peria:;teum and ml.lfCie in93r
tions.306 Drenching (i.e. da:;ing by stomach tute) g<Ets 
dailywith (NH4)6Mo70 24 toprovide50ppmdietary Mo 
for 235 days caU93d general debi I ity, depigmentation of 
hair CXEt, and vveight la:s.307 

Notwithstanding other work, 99veral studies have failed 
to produce any adver93 health effects after Mo ing:stion. 
Grazing cattle on pcsturescontaining 13 ppm Moand 
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supplementing with 17 ppm Cu for six months resulted 
in no signs of aclvers3 effects.308 Cattle grazing are
claimed mine tailing site containing 21-44 ppm Moand 
13-19 ppm Cu for threecons:rutivesummers exhibited 
no signs of Mo toxicity~17,309 ,310 No aclvers3 effects vvere 
notiCEd in a cannulated steer consuming sun-cured hay 
containing 49.68 ppm Mo and 19.09 ppm Cu.311 In 
ea::h of theE studies, lowS in both the diet and vvater 
WC£ offerBd a:; l:eing a pa:sible explanation for the lack of 
clinical signs obs3rved. 

Hors:s, like m<Et monoga;tricanimals, are very resistant 
to the effects of Mo a:; compared to ruminants. Cattle are 
commonly cited a:; slightly moresus::eptible to molyb
dena;is than sheep, and limited quantitative datasug-
g:st mule deer are relatively resistant comparBd to cattle. 
Therefore, drinking vvater Mo concentrations that are safe 
for cattle are probaJiy alro safe for hors:s, other clcm:s 
of livestock, and wild cervids. Although there is quite a 
bit of variabi I ity in the reports summari:zed above, and 
rome (large) amount of dietary Mo may cal.l93 poironing 
regard leE of Cu status, the bottom line933111S to l:e that 
total dietary Cu: Mo ratia; of les:; than 2-4 can result in 
chronic toxicity and decrea:Ed production in cattle, espe
cially if dietary Sis higher than al:rolutely na::e:Eary. 

Ps with many sutstana:s, the effa::ts of forcg3 and vvater 
Mo concentrations are a:lditive, and, in rome area; of the 
vvestern United States, forcg3 Mo concentrations area~ 
ready toxic or very nearly toxic. Under theE conditions, 
anya:lditional Mo intake contributed by drinking vvater 
is potentially dang:!rous. In thes3ara:s, hovvever, pm 
ducers are I i kely already avvare of the problem and feed
ing supplemental Cu. A more normal situation would 
l:e cattle grazing "typical" Wyoming forcg3 containing 7 
ppm Cu (or supplemented to that level) and negligible 
Mo (-1 ppm). Under theE conditions the critical safe 
4:1 ratio would l:eexca:d3d whenever drinking vvater 
contains 3751J9 Mo/L. 

We~ that, in the ai:Betmofother data, 
drinkif{Jwater for livestock and wildliferontain 
leiB than 0.3 rrg!L. If dietary Mo is higher, which is 
not unusual in this region, water Moconcentrations 
should be adjusted downward accordingly. 
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6 Nitrate and Nitrite 

The nitrate (N03-) and nitrite (N02-) ions are intermedi
ates in the biological nitrification cycle and the primary 
oource of nitrogen (N) for plants in the roil. Plantsa::x:u
mulate N03- from roil to synthesize protein via a multi
step pr()(l5; exCES5ive N03-a::rumulation csa result of 
this pr()(l5 may cal.l93 poiooning of grazing animals.312 

Nitrate or N02- may contaminatevvater csa result of 
contact with natural minerals (e.g. niter), cgricultural 
runoff (fertilizer, manure) or industrial procea:s:312-314 

Nit rate is the more stable of the two N species and there
fore more common in surfacevvaters.315 Nitrite (N02-) 
usually results from biological reduction of N03-, but it 
may aloo bean industrial contaminant or exist in ground 
vvaters where pH and redox potential prevent oxidation 
to N03-.

315 Both ions are extremely vvater-fOiubleand 
therefore vvater -mobile. 

ES:Entiality 
Although N is an es:Ential macro element for mammals, 
N02 and N03 are not es:Ential f:Er53. 

While the N03- ion is readily cb:orbed in the upper ga:;
trointestinal (GI) tract and pcEH$3S intrinsic toxicologic 
properties such cs va:;odilation, the condition referred to 
a; "nitrate poiooning" actually depends upon reduction of 
N03- to N02- in the upper Gl tract.312,316-318 This pr()(l5 
oc:rurs in human infants119,320, and it is the l:a5is of cur
rent human drinking vvater standards, but nitrate toxicity 
is primarily a problem in ruminant species, a; the rumen 
microfloraarevvell-suited to catalyze N03- reduction. 
Radiotracer studies indicate that N02-, formed from 
N03- in the rumen, may either be further reduced and 
incorporated via N H3 into amino acids or reduced via 
nitric oxide toN and expelled.321 Unfortunately, neither 
of the latter pathvvays (i.e. ami no acids or N) is cs fest cs 
the initial reduction to N02-, and dangerous N02-con
centrationsa::rumulate in the Gl tract when a:Eimilatory 
pathvvaysare overloaded.321 -323 Under the proper dietary 
conditions (mainly a:lequate carbohydrates) thea:Eimila
tory pathvvayscan adapt to high N03-concentrations, 
and very I ittle N03- or N02- es:ape the rumen.314,322,324-327 
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Sustained expa;ure to moderately high N03 diets results 
in induction of thea:Eimilatory p3thvvays, and this ability 
may be acquired by transfer of Gl flora from one rumi
nant to another .322,323 Once ab:orbed into the blood
stream, the N03- ion is rapidly distributed throughout 
the body vvater and excreted via urine and saliva, whera:s 
the N02- ion isoxidi2Bd to N03-via a coupled rea:tion 
with hemoglobin and eliminated a; N03-.316,318,328,329 

Other difference; betvveen ruminants and monoga;trics 
in the metabolism of the N02-and N03- ions, while 
not directly tied to the ruminal metabolism of N03-, 
protably reflect evolutionary p1B$Ure of the constant 
ta:kground of N02- ruminants receive from ruminal 
metabolism. The blood ~ 12 of N02- is similar in mono
ga;tricsand ruminants, but the elimination of N03- from 
blood is much slovver in monoga;trics'16 and the normal 
ta:kground metHb concentration is higher in monoga:;
trics.330 In ruminantsonlyasmall portion of an oral da:E 
of N03 is eliminated in the urine, whera:s in monoga:;
trics ma:rt ingested N03 is eliminated via urine.314 

Some ooura:s suggest the N 0 3- ion is more bioavai lable 
in vvater than fee:lstuffs.312-314 The experiments this 
conclusion wcs draNn from, ho\1\.18\oer, vvere l:a:a:l upon 
aqueous N03-administered directly into the stomach \oS. 

contaminated feedstuffs offered ad libitum.314 The ma:rt 
important determinant of N03 toxicity s:ems to be how 
rapidly a given da:Eof N03- is administered, rather than 
whether it is in feed or vvate(314,331 ,332 For example, the 
single oral median lethal da:E (SOLD 50) of NaN03 in 
rovvs wcs reported to be 328 mg/kg BW when given at 
once, but when the same da:Ewcsspread over 24 hours, 
the LD50 increa:a:l to 707-991 rng/kg.331 

TO<dty 
Although the ma:rt common oource of N03 poiooning in 
I ivestock is contaminated fee:lstuffs, N 03--contaminated 
drinking vvater haspoiooned people and animals.320,333-336 

The mechanism of poiooning involves Gl microbial 
reduction of the N03- ion to N02-, which isab:orbed 
into the bloodstream where it oxidi:zES the ferrous iron 
atoms (Fe+2) in hemoglobin (Hb) to the ferric (Rt3) 
state, resulting in methemoglobin (metHb), which can-
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not transport oxygen from the lungs to the rest of the 
body. Theexoct rnedlanism by which Hb isoxidi:zed is 
the subject of rome controversy but is currently thought 
tote a multi-step autocatalytic pr0C13$ involving 93\leral 
free radicals.328 The end product of this rea:tion is Nq-, 
which is eliminated via urine and saliva. Ps might te 
expected, the clinical signs of acute N03 poiooning (cy
ana:;is, hyperpnea, mus:le tremor, vveaknes:;, collap93, and 
death) reflect the effects of anoxia on critical organs such 
cs the brain and heart. Pregnant animals that survive 
episx!es of acute N03 poiooning during the latter r;art 
of pregnancy may abort within one to two vveeks.333,337-340 

Poiooning during earlier pregnancy do:s not usually result 
in abortion_313,331,333,341 

Ps might teexped:ed from the toxic rnedlanism, mo
nogcstricanimals (with the exception of human infants) 
s:an tote relatively resistant to the effects of Nq 
comr;ared to ruminants. Textbooks suggest Nq is 
approximately 10-fold more toxic in ruminants than 
monogcstricanimals.317 Burwash et al.342 fed six mares 
high N03 (1.7-1.85%) oot hay for 13 days. Although 
the93rum N03-conCEiltration increa:a:t significantly, 
therewcs no chang3 in rnetHb conCEiltration, no effects 
on blood chemistry r;arameters, and no clinical signs of 
poiooning. They concluded it is safe to feed hors:s diets 
containing 2% N03 and "likely much higher" conCEiltra
tions. M iceexpa:Ed to drinking vvater containing 1,000 
mg N03-!L for 18 months excreted more ammonium 
ion than controls early in the study and may have died 
slightly sooner (17.5 monthsvs. 18 months) but did not 
show any signs of poioon i ng.343 S:erley et al.344 fed vvater 
containing 1,465, 2,900, or 4,400 rng N03-/L cs NaN03 
to vveanl ing pigs for 84 days with no effect upon rate of 
gain, vvater consumption, or clinical signs of toxicity. The 
difference in toxicity tetvveen animal species is not nearly 
cs pronounCEd for N02.

317 Although rare, monogcstric 
animals have been acutely poiooned by the N02- ion from 
vvater335 and feedstuffs.345 

Wright and Davioor06 revievved the I iterature and 
concluded the LD50 of N03 in ruminantswcs tetvveen 
700-985 rng NO/kg BW when fed csdry feed. Experi
mentally, sheep have been acutely poiooned by Nq daxs 
cs low cs 300 rng/kg BW23,325,329,347; hovvever, daxs cs 
lar~ cs 800 rng/kg BW have been fed without rnea:;ur
able effects_323,326,327,340,347,34s Field reports have i ncri m i-
nated feedstuffscontainingcslittlecs2% ppm dietary 
N03 (which would proviooabout 500 mg NO/kg BW) 
cs causing acute lethality in sheep .349,350 Experimen
tally, 3.4% dietary N03, fed cs pigvveed or oot hay killed 
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two of five eJVES. The lethal daxg:s, calculated from 
consumption data, vvere 660 and 730 mg NO/kg BW, 
resped:ively. Cam~nolo et al ?51 reported the a::x:idental 
poiooning of 93\leral animals, including sheep, by vvater 
containing 6,000 mg N03-/L at a county fair; hovvever, 
the vvater contained 93\leral other substance; that might 
aloo have been toxic. 

Cattle have been experimentally poiooned by 520 rng/kg 
BW or more N 0 incorporated into feedstuffs"\1 ,346,352,353 

3 ' 
and cs I ittle cs 200 mg/kg BW may te toxic if given 
by gavcg3.354 E'everal investigators'24,354,355 consistently 
produCEd sublethal toxicity with 200-300 mg NO/kg 
BW in oroor to test various protective strategies. Other 
investigators'22,356,357 failed to demonstrate toxicity at di
etary conCEiltrationscs high cs 0.9% (approximately 225 
mg NO/kg BW), although one'22 reported that sustained 
expa:;ureenhanCEd the ability of the rumen microflora 
to d:grace N03-and N02-. Calvesvvereexperimentally 
poiooned by drinking vvater containing 2,500 mg N03-
/L (250 mg/kg BW), but none vvere affected by 2,000 
or le:E.338 Oloor texts and revi6NS variously des:rite the 
minimum toxicda:E in cattlecs169-500 mg NO/kg 
BN. 313,317,358 

There are numerous ana::dotal reports of acute N q 
poiooning in cattleCEFDCiated with contaminated feed
stuffs. 0' Hara and Fra:Er359 summari:zed 10 episx!es of 
acute N03 poiooning in New Zealand in which mortality 
varied from les:;than 1% toalma:;t 50%. Forcg3concen
trations CEFDCiated with thes9 caxs ranged from 0.3-5.3% 
N03 (mean= 3.3%) with variations of 1-2% N03 be
tvveen samples from the same premi93. In one extensively 
investigated ca:E, 23 of 50 calves turned into a ryegra:E 
pcsture containing 6.6-8.9% KN03 (4-5.3% NO) died 
within a 12-hour period.359 In another instance, calves 
died if left on a ryegra:E pcsture containing 3.6% N03 
for more than one hour.360 A da:E of N03, later calcu
lated tote 170 mg NO/kg BW, from contaminated 
hay killed 93\len of 200 heifers. The herdsman tried 
to dilute the toxic hay in half and killed 93\len more.361 

The authors speculated that concurrent overfeeding of 
monensin enhanCEd ruminal reduction of N03- to N02-, 
thus potentiating the toxicity of the hay. Harris and 
Rhoctes362, summarizing the experience of farmers during 
a93\lere drought in Victoria, Australia, reported 93\leral 
hundred animalsvvere killed by plants containing "over 
1.5% N03" Threecovvsfed hay containing 1% Nq 
died within 30 minutes.353 Eleven covvsaborted, and 73 
of 153 died when fed sudax hay containing 1.1-3.1% 
N0/63 McKenziesummari:zed 93\leral caxswith acute 
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mortalities of 16-44% on button gra:s (2.4-7.2% NO) 
grown in N-rich ooil in Queensland, Australia.349 Ani
mals grazing the same gra:s in adja::snt !Eidocks without 
the extra N vvere unaffeded. 

Although not a:; common a:; poisoning from feedstuffs, 
contaminated vvater hC5 resulted in a:ute poiooning, 
including abortions and death. Seven of 12 covvs died 
shortly after drinking vvater containing 2,790 rng N03-
/L.336 Several authors reported lethality a:; a result of 
fertili:zer-contaminated vvater ( 1,000-6,000 mg N03-
/L).333,351,364 Contaminated liquid whey, fed in addition 
to vvater and containing 2,200-2,800 mg N03-!L, killed 
17 of 360 cattle. Whey containing only 400-800 mg 
NO -!L did not kill any animals, but it did result in 26 3 
of 140 covvsaborting.333 Yong et al?34 reported that vva-
ter, contaminated with 4,800 and 7,000 rng Nq-;L a:; a 
result of blcsting vvater holes, killed 16 of 100 and four 
of 90 c:ovvs in two 93p3rate incidents in S:skatche.Nan, 
Canada. 

It is known the N02- ion may rea:t with s:o)ndary 
amines (common in many foodstuffs) under condi
tions typical of the adult human stomach (pH 1-4) to 
form nitraxmines.365-367 Many nitraxminesare potent 
animal mutagens and carcinog3ns. Bacterial reduction 
of NO- to NO- do:s not oc:x:ur under the acid condi-

3 2 . . 
tions na::es:;ary for nitraxmine production, or v1ce \,€/S3, 

but it is theoretically pa:sible N02-excreted in saliva 
or ing:sted in vvater might cal.l93 cancer in people. In 
practice, hovvever, salivarys:cretion contributes much les:; 
NO- than other ooura:ssuch a:; vegetables, and attempts 
to li~k nitra:ation, mutcg3nesis, and/or cancer with 
drinking vvater N03 consumption have been negative 
or only equivocal.365-371 This, tog3ther with the fact ma;t 
herbivores have G I conditions that are even les:; prone 
to nitra:amine formation than humans, suggests cancer 
is not a likely s:quella of N03 expa;ure in our species of 
interest. Elevated N02 isa potential a:utely toxic hazard, 
hovvever. Four of four fOVVS vvere killed by drinking 
1,940 rng NO/L vvater.335 Nitrite is reported to be 2.5 
times more toxic than N03 in ruminants and 10 times 
more in monoga:;trics317, and the minimum toxic da:E is 
reportedly betvveen 20-90 mg NO/kg BW in pig5 and 
90-170 rng NO/kg in cattle and sheep.313,358 

Chronic N03 poiooning is another area of controversy. 
Mice expa:Ed to 1,000 mg N03-!L in drinking vvater for 
18 months (life time) died prematurely starting at 17.5 
months. The result wes of only marginal statistical sig
nificance, and no pa:sible rnedlanism for the result wes 
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propa:Ed.343 Miceexpa:Ed to 100 rng N03-/Lshovved no 
effects in any parameter 111Ea5Ured (liver function, kidney 
function, 99rum protein, etc.). S:erley et al.344 fed bre:d
ing gilts NaN03 in vvater to provide 1,320 rng N03-/L 
for 105 days with no effect. Similar results vvere reported 
for vveanl ing pig5.372,373 Fan et al.374 rBVievved the veteri
nary literature on chronic N03 toxicity and conduded it 
"failed to provide evidence for teratogenic effects attri but
able to N03 or N02 ing:stion." A ~etra:;pediveepide 
m iologic study of pregnant women 1n the M t. Gambler 
region of Australia indicated a "statistically significant 
increa:E in risk of bearing a malformed child" in women 
who drank vvater with more than 66 mg N03-!L, but it 
did not take into ax:ount other factors CEFOCiated with 
thevvater vvells. Bruning-Fann et al.375 surveyed vvater 
from 712 swine operations in the United States and 
found no difference; in littersi:zeor piglet mortality at
tributable to vvell-vvater containing N03- (1-443 mg/L). 

After a widespread drought in the American M idvvest in 
the mid-1950's, 99\.oeral authorssummari:zed theexper~ 
ence of multiple field investigations.376-378 Purportedly, 
feed concentrations greater than 0.5% N03 or vvater 
supplies containing more than 500 mg N 0 3-!L vvere 
hazardous to cattle fed "poor quality" rations. Cc!Efi77 

wes first to propa:E that N03 interfered with vitamin A 
metabolism. The results of many controlled experiments 
since then have rendered this theory "questionable"?12 

S11E:ep fed 2.5% NaN03 (approximately 1.75% NO) 
diets for 135 days had slightly lovver liver vitamin A 
concentrations than controls, and gains vvere depres:a:l. 
As:o)nd replicate of the same experiment did not exhibit 
cleaea:Ed vitamin A nor wes there an increa:E in rnetHb 
or signs of toxicity in either group.348 Fourteen year I ing 
steers vvere divided into 99\.oen group; and treated with 
various combinations of N03- in drinkingvvater, N02-
in drinking vvater, E. roli, and a "thyroid depreEant." 
Creative U93 of statistics demonstrated depres:a:l carotene 
utilization, but there vvere no other effects?79 On the 
other hand, heifers fed various amounts of N03 up to 
0.9% N03 in diets containing 20% or 40% concentrate 
did not exhibit any difference from controls in carotene 
conversion or hepatic retinol concentrations.358 Feedlot 
cattle fed 0.81% dietary N03 a:; NaN03 exhibited poor 
gains a:; a result of cleaea:Ed feed consumption. Gains 
vvere not improved by supplementing with 12,000 I U 
vitamin A.357 Emerick380 revievved the literature and con
cluded that chronic effects involving vitamin A, thyroid 
function, and other hypothetical chronic rnedlanisms 
only oc:x:urred at daxs that vvere nearly toxic due to 
metHb formation. 
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Winter and Hokarmn381 fed varying amounts of N03 
(330-690 rng/kg BW) to dairy heifers cs part of their ra
tion to maintain metHb 19\.oelsat either 25-30% or 50% 
for the lest six months of prBgnancy. One ani mal abort
ed, pa:sibly csa result of N03 intoxication and two died 
of a:ute poiooning after a diet change, but no chronic 
effects could be cs::ertai ned. Crowley et al.332 in what, to 
date, hcs l:e3n the ma:rt rigorous experimental attempt to 
produce chronic NO poiooning in dairy cattle, fed high 
NO- vvater (384 mg 

3
N0

3
-!L) for 35 months with noef

~on conception rate, twinning, stillbirths, abortions, 
retained placenta, or a variety of production parameters. 
The only statistically significant effect wcsaslightly lower 
first-93rvice conception rate in the N0

3 
group. The 

authors concluded that, in a herd fed a balanced ration, 
'\vater containing up to 400 ppm N0

3 
should not cat.l93 

any 99rious problems. ''332 Ensley382 attempted an epide
miologic approoch to the qu:stion of high N03 vvater 
for dairy cattle. In a survey of 128 lovva dairies with 
vvater concentrations from 1-300 mg N0

3
-!L, he found 

vvater NO concentrations were pa:;itively correlated with 
99rvia:s ~r conception, which cgre:s with the results of 
Crowley et al., but 99\leral other potentially confounding 
factors such cs the si;re of the farm and other con tam i
nants in the vvater were aloo pa:;itively correlated with 
N0

3 
concentrations. 

Other attempts to produce chronic N0
3 

poiooning in 
ruminants have l:e3n unsuCCES5ful. Sinclair and Joi"1E!Ef27 

da:Edevveswith 15g KN03 (similar to 1.5% in forcge) 
for two months and then sprayed thesameda:Eof N03 
on the daily hay ration for another 99\len vveeks. Evves 
were fed diets containing 0.2-2.6% N0

3 
cs NaN0

3 
or 

from natural ooura:s for 12 vveeks with no effects on 
health or prBgnancy:1'1° Despite elevated 99rum N0

3
- con

centrations, therewerenoeffectson metHb, bodycond~ 
tion, or reproduction in the treated group. Whethers 
fed NaNO in drinking vvater to provide 1 ,465, 2,900, 
or 4,400 n{g N0

3
-/L for 84 ~did not differ from 

controls in gain and vvater consumption, and only mod
est i ncreaxs in met H b concentrations were s:en at the 
highest da33.344 Feeder laml::s fed 3.2% dietary KN03 

(1.9% N03) unti I slaughter differed from controls only 
in "carca:s qual ity'26." Emerick380 revi€'.11.€d the I iterature 
in 1974 and concluded that fee:ls containing les:; than 
0.44% NO and vvater with les:; than 440 mg N0

3
-!L 

were "well ~ithin a safe range for all cla:a:sof liVEStock." 
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8.mray 
There is no qu:stion Nq contamination of drinking 
vvater can result in a:ute death and/or abortion in rumi
nant liVEStock. Cattle are usually reported to be more 
sus::sptible than sheep, with monogcstricssuch cs hors:s 
and swine being relatively resistant. Surprisingly, we were 
able to find only one report of N03 poiooning (from 
fee:lstuffs) in wild ruminanffi383, but, given the physiolog
ical similarities with domestic animals, it is rea:onable to 
CEEUme d:er, antelope, and elk are aloo sus::spti ble. 

The chronic toxicity of very low daxs of Nq is con
troversial. Despite repeated attempts (and failures) to 
reproduce vitamin A deficiency, hypothyroidism, or other 
chronic forms of N03 toxicity, experimentally it do:s not 
s:an that dietary concentrations significantly les:; than 
tha:E required for a:ute intoxication caUS9 mea5Urable 
ill-effects in domestic ruminants. While tteeismcps
tion NO can produceabortions in ruminants, theda:E 
required ~pears to be very near that required for a:ute 
toxicity. The ma:rt s:ientifically rigorous examination of 
chronic NO toxicity to date332 concluded that vvater con
centrations 1~ than 400 mg/L (the concentration tested) 
should not pa33 any hazard to a well-rnancged herd. 

The lovvest toxicda:Eof Nq in cattle in the experimen
tal studies we revi€'.11.€d isoomewhat les:; than 200 mg 
NO -!kg BW, although therewere99Veral experiments 
that 

3
fai led to produce any effect at considerably higher (cs 

much cs 800 rng/kg BW) daxs. Clinical (i.e. anaxlotal) 
reports, in particular tha:EofYeruham et al~84 and Slen
ning et al.381

, push the minimum toxic da:E down to near 
100 rng NO /kg BW. Thereareoorne uncertainties a; 

oociated with theE two reports. Yeruham did not specify 
the amount of toxic whey consumed (we CEEUmed 20% 
BW when figuring a da:Ecs it oc:rurred in a hot climate), 
and therewcsa two-fold variation in analytical results 
betvveen samples. Slenning et al. suggested other factors, 
notably overfeeding an ionophore, might have potenti
ated the toxicity of N03. The next lovvest concentration 
reported to bea:utely toxicwcs1% N0

3 
in Grenqx>

dium hay, which would provide approximately 250 rng 
NO /kg BW in cattle under theCEEUmptionsoutlined in 
the Introduction. Nitrate in vvater isadditivewith N03 
in fee:lstuffs, with a given da:E in vvater being oornewhat 
more potent than in feed l:a:aUS9 it is consumed more 
rapidly. 
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A9sumif{J 11ff}ligib/e forB{;P N03 CXJI"'CBltrations, a wa
ter NO 

3 
CXJI"'CBltration of 500 111J NO 

3
-JL (measured as 

N0
3
• ion) IIVOUid provide 100 f19'kg BW, which IIVOUid 

provide a two-to-three fold margin be/oN the 200-250 
f19'kg BW ~ a/:xNe. If forB{;P ooi"'CBJtrations are 
higler (not a rareax:urrer100 in the Great Plains) tiE 
permissible water CXJI"'CBltration should be adjusted 
cbNnward. 

The N0
2
- ion is commonly des:rib3d a:; approximately 

2.5-fold more toxic than the N0
3
- ion in ruminants 

(10-fold more toxic in monoga:;trics), which implies a 
safe threshold of about 200 mg/L. We were, hOV\Ie\oer, 
unable to find sufficient experimental studies or well
documented field im.etigations upon which to ba39any 
condusion about maximum safe concentrations. This 
is prol:ably due to the fact N0

3
- is the more stable form 

of the two in surfa:evvatersand feedstuffs, and N02- is 
only rarely prES311t in negligible concentrations. Garner 
des:rite the minimum lethal da:E of N02 in swine (the 
meEt 99nsitivespecies) cs40 mg/kg B\Nf53, which trans
lates to 200 mg N02-!L in drinking vvater under very 
con99rvativeCEEUmptions. lntravenousaclministration 
(the meEt potent route of expa:;ure for meEt toxicants) of 
12 mg N02-!kg BW to cattle and 17.6 mg N02-!kg BW 
to sheep did not produce any reported toxic effects. 

Obviously, this is an area that needs further l'f?lfmrr:h, 
but ~ belie.te, bcs;d upon tiE existif{J k110Niectp bcm, 
100 111J NO;IL (as the nitrite ion) should not cause 
pomnif{J in livestock. 
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7 pH 

pH is defined cs "the neJ3!ive log of the hydr~n ion 
(W) cdivity," although "concentration" is often sul:stt 
tuted for "cdivity" in a working definition~ In other 
words, if the pH is 7.0, the H+ concentration ([H+]) is 
10·7 moles ~r L; if the pH is 3, the concentration is 103. 

Water with a pH telow 7 is "a:idic," and vvater with a pH 
above 7 is "bcsic" or "alkaline." The definition of "nor 
mal" vvater pH varies tetvveen authorities, but it is usually 
cle:ai ted cs oomewhere tetvveen 5.5-6.5 and 8-9. By 
comparioon, vineJar is pH 3, coles are tetvveen 3-4, b:er 
is tetvveen 4-5, and milk is around pH 6.4. A related 
ma:surement, alkalinity, is l::a:Ed upon the ~ity of 
a vvater sample to resist a chang:! in pH and is usually 
reported cs mg/L of CaC03. The pH controlsoolubility 
and concentrations of elements in vvater. For example, 
many metals precipitate out of alkalinevvater, wherea:; 
many dis:olve in a:idic vvater. 

Water pH impacts the effectivene:E of various vvater 
treatments and its palatability for animals. For example, 
theeffectivene:Eof chlorination is reduCEd at a high pH. 
Low pH may precipitate or incdivate medications com
monly delivered in drinking vvater. Sulfonamidesarea 
particular concern in this respect cs precipitated medica
tion may leach bock into thevvater after treatment hC5 
ended, contributing to potential drug residues in food 
animals. Acidicvvater tends to haveaoour teste; bcsic is 
cle:aited cs metallic. The teste threshold for hydrochloric 
a:id is cslow cs 0.0001 moi/L.385 Acid vvater aloo tends 
to dis:olve metals from plumbing and ooi I it contacts, 
further impeding palatability. 

R.rctm 
In the body, extracellular fluid (ECF) is normally main
tained within a very narrow rang:! centered around pH 
7.4.385,386 A numter of critical physiological proce:a:s 
are pH-~dent, thus any significant departure from 
"normal" may te harmful to the organism.386 

Thea:id-ba:E balance in mammals reprES311tsa dynamic 
equilibrium tetvveen metabolica:id production and its 
elimination. As such, it is influenCEd by a numter of 
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inter~dent proce:a:s, especially respiration and urine 
production, chemical buffering by bone and other ti$UES, 
and 93veral dietary elements. A comprehensive reviaJV of 
thes3 proce:a:s is teyond the s:::o~ of this report, but, 
in brief, a decrea:E in plcsma pH from normal (a:ida:;is) 
stimulates increa:a:l respiration, decra:sing the blood 
concentration of C02 that would otherwiEE react with 
vvater to form carbonica:id (H2C03). It aloo stimulates 
the kidney to produce urine that is morea:idic. It da:s 
this by increa:;ing elimination of the H+ ion. The net 
result is an cdiveelimination of a:id and an increa:E in 
plcsma pH bock tovvards normal.385,386 The H+ ion may 
aloo react chemically with buffering molecules in bone, 
minimizing the mcgnitude of any pH chang:!.387,386 

Certain nutrients, referred toes "strong ions," while not 
a:idic or bcsic in the chemical 93n93, influence animals' 
a:id-ba:E balance by shifting the equilibrium of internal 
homea5tatic proce:a:s to enhance or inhibit the elimina
tion of W from the body. For example, diets rich in Na 
and K+ tend to "push" the body in thealkalinedirection, 
wherea:; Cl-, a; ammonium chloride (NH4CI), is us:d 
clinically to move the balance in an a:idicdirection. 
Dairy nutritionists compound rations on the bcsisof the 
"strong ion difference" equation ((N<r+K+)-(CI-+82·)).386 

Diets with a negative strong ion difference produce mild 
a:ida:;isshortly before la:tation, which decreaxs the 
incidence of m i 1 k fever _389-391 

TO<dty 
ExceEively a:id or bcsicdrinking vvater can theoretically 
affect animals in four vvays. First, extremes of pH may 
result in tissue da111Cg3 to the mouth and oropharynx, 
causing irritation and refusal to drink. Sa::ond, un-
usual extremes of pH may dis:olve materials from pipes, 
ditches, etc., which are toxic or impart an unpleasant 
teste to thevvater. For example, Cu, Fe, and Pb concen
trations have all b:en shown to increa:E in a:idicvvater 
csa result of leaching the metals from plumbing.392-395 

Consumption of a:idic drinks maydis:olve dental enamel 
and vveaken teeth.396,397 Finally, consumption of a larg:! 
amount of exceEively a:id or bcsic vvater could theoreti
cally shift the body's a:id-ba:E balance. 
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We vvere unable to find any reports detai I i ng a:ute toxiG 
ity cs a result of drinking extremely a:id or bcsic water, 
although co-author Merl Raisbed< hC5 investigated field 
caxs in which cattle drank extremely bcsicoolutions 
(pH 12-14) resulting in era:;ionsand hemorrl'lcg3 in the 
mouth and eoophcgus. 

"Acid rain," precipitation rendered a:idic by atma:;pheric 
pollution, is a vvell-remgniza:l problem in aquatic organ
isms ba:al..l93 toxic elements, especially AI, are lea:hecl 
from ool ids that come in contact with the a:idic water. 
It is especially problematic in poorly buffered surfa::e 
waters of northea5tern North America.398 Mammals are 
considerably le:ES311sitive to the effects of diS50ived met
als than fish, but a:idic water supplies have l::a3n sug
g:sted a; contributing to the prES911ce of Pb and Cu in 
domestic drinking water, a pcs:;ible concern for human 
health.392,393,395 Even if not preEnt at toxic concentra
tions, many elements impart a repellent teste to water. 

Despite the hypothetical potential of a:idic (pH < 5.5) 
water to cal..l93 a:ida:;is in animals, water systems in 
laboratory animal coloniesand, to a IES33rextent, swine 
facilities, are commonly a:idified to minimize l::a:terial 
infedions.396,399-4D1 It is thought thea:idified environ
ment protects the intestinal epithelial barrier from bac
terially-mediated disruption a; vvell a; reducing l::a:terial 
contamination in the water its31f.399 

Some effects have l::a3n oterved in ruminants and 
monogastrics due to the ing:stion of a:idic fee:l and 
water. Acidogenic rations are fed to dairy cattle during 
late pregnancy to prevent milk fe\.er. For example, the 
addition of NH4CI and ammonium sulfate ((NH4)2S04) 
at 98 g apia::e/head/day to the diet of la:tating dairy rovvs 
lowered blood pH, increa:a:l blood calcium (Ca'+), and 
increa:a:l excretion of urinary Ccf+ and the ammonium 
ion (N H/).390 TheS3meamount of thES3S3Itsadded to 
drinking water would result in a pH of approximately 
5.5. Mineral a:ids (HCI and H2S04) have ten fed to 
prevent milk fe\.er~02 Dairy covvsgiven rations contain
ing 0.65% or 1.8% hydrochlorica:id (HCI) (equivalent 
to pH 2-3, respectively, if added to drinking water) had 
increa:a:l blood Ca'+, a small (0.05) decrem in blood 
pH, a:idic urine, and a d:crea:a:l incidence of milk 
fe\.er.391 Rats given water a:idified to pH 2.0 with HCI 
or H2S04 for six VI.Eeksexhibited oomevvhat decrea:a:l 
fee:l intake and water intake, and vveight la:scompared 
to tha:E fed pH 2.5 or pH 7.0 water; hoV\19\.oer, stomach 
pH values vvere not statistically different amongst treat
ment group:;.403 Rats consuming water a:idified to pH 
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2.5 with HCI for six to 11 monthsshovved no chang:s in 
vveight and "negligible" clarrlcg3 to tooth enamel?97 Rats 
drinking water with pH 2 for 21 vveeks drank slightly 
les:; than controls, while tha:E consuming pH 3 water 
shovved no mea:;urableeffects in any health parameter~4 

Water with a pH of 2.5 given to rats for 30 days resulted 
in decrea:a:l water intake, while water with pH 3 given to 
rats produca:l no growth deficits.396 Rats drinking water 
with a pH of 1.4-3.5 for 42-84 days shovved a:x:elerated 
era:;ion on the tooth surfa::e; hOV\Ie\oer, oral cavity pH wcs 
unchanged.405 Mice consuming a:idified water (pH 2.0) 
for 120 days had slightly decrea:a:l reticuloondothelial 
clearance rates when compared to controls, pcs:;ibly a; 

a result of cleaea:a:l growth and smaller spleens~6 It 
is questionable if the physiologic effects in theE reports 
area dira:t result of a:idic water on systemica:id-l:a:B 
status, rsr 53. Even a study that reported some relatively 
subtle effects (d:crea:a:l gains) in rats at pH 2.5 or leE, 
ga;tric pH wcs unchanged,403 and rats and rabbits fed pH 
2.3-2.5 water for S3Ven months maintained normal blood 
pH.401 

93\..eral experiments reported no effects when a:id ic water 
wcs fed, and it is commonly l::elieved that a:idifying 
water to approximately pH 3 is l::eneficial in rodent colo
nies. Rats consuming water with pH of 2.5 gave birth to 
and vveaned more pup; than control animals.407 Rats and 
rabbits ing:sting water at pH 2.3-2.5 for S3Ven months 
shovved no affect on health cs mea;ured by growth and 
multiple blood pararneters.401 

Existing human drinking water standards (pH 6.5-8.5) 
vvere established ca:ades ego for a:sthetic rea:ons (es
pecially teste) and to protect plumbing from corra:;ion, 
rather than upon health-l::a:Ed criteria.392,408 Although 
a numl::er of Cooperative Extension S3rvice Web sites 
sugg:st water l::elow this range will produce pathologic 
a:ida:;is in cattle, nonevveexamined offered hard ev~ 
dence. Nor vverevveable to find any reference; to direct 
health effects of moderately a:idic or bcsic water in ani
mals. Thereatea numl::er of reference; to the l::eneficial 
effects of a:idifying laboratory animal and swine water 
with mineral a:ids to pH 3. The only a:lvers3 effects in 
theE reports vvere relatively subtle and occurred at pH < 
3.0. The only example of fee:ling a pure mineral a:id to 
ruminants (equivalent to approximately pH 2-3) resulted 
in a:idified urine, but there vvere no advers3 health effects 
over a 93\.oeral VI.ESk period. There is no equivalent data 
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for bcsic drinking vvater. From a purely pathophys~ 
ological standpoint, it s:ems unlikely that water with a 
pH l::etvveen 3.0 and 7.0 would cal.l93 health problems 
in otherwiEE normally mancged animals. An exception 
might l::e fee:llot ruminants, which are often marginally 
acidotic a:; a rnetaboliccorl93C)uenceof the high ooluble 
carbohydrate rations they ra::eive. In this ca:E, acid vvater 
might te sufficient to trigger a crisis. 

The other potential advel93 effeds of bcsic or acidic vvater 
involve mobilization of potentially toxicsutstana:s (e.g. 
metals) from plumbing or ooils. While it s:ems unlikely 
the amounts mobi I i2BCI would l::e sufficient to actually 
C8U93 poiooning under m<Et conditions, it is quite prob
able they would l::e large enough to cal.l93 water refusal. 
Ba:al.l93 the effed of any given pH on palatabi I ity 
depends upon what the water contacts, there is no way to 
makeanywide-rea:hing ra:::omrnendation in this regard. 

Wesupd therommon/y touted acmptab/e rarg:s 
fordrinkirgwater pH (a /owof5.5-6.5 and a hif/1 
of 7.5-9.0) areexa?£Bivelyc:t:J17fB11ative from a strictly 
animal health standpoint, at /easton the acid side, but 
t!Ere are not sufficient ecperimental and/or clinical 
data to offer a spf£ific alternative. 
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8 Selenium 

Selenium (Se), a metalloid that shares many chemical 
proj:erties with S, is predominantly prES311t in creta::a:>us 
rocks, volcanic material, s:afloor depa;its, and gla:ial 
drift in the Great Plains.409 It can be pre9311t in ooil at 
levels sufficient to cal..l93 toxicity or low enough to result 
in deficiency in grazing animals. Either outcome can 
result in EEriousa:::onomic lcm:s to livestock producers 
and iiii1E$and/or death in wildlife. Normalooil con
centrations ran~ from 0.1 to 2.0 1-19 total Se j:er gram of 
ooil; hovvever, in EEieniferousara:ssuch cs Wyoming, ooils 
can contain cs much cs 30-324 1-19 Se j:er gram of ooi 1.410 

Plants grown on such ooils tend toa:::cumulateSeand, 
depending upon the species, may, in fa::t, bioconcentrate 
Se to concentrations in exce:E of 10,000 ppm. 

Water in conta:t with EEieniferous rocks and ooils (e.g. 
irrigation wcstevvater) may aloo a:::cumulateSe.411 ,412 The 
ma:rt common form of Se in Wyoming surfa::e vvaters 
is theEEienate (SeO/) ion. "Normal" surfa::ewater is 
cles:ril:a:l cs containing les:; than 21Jg Se/L411 , and it is 
thus not normally a major oource of Se for I ivestock and 
mammal ian wildlife; hovvever, poioon i ng cs a result of 
EEieniferousvvater hcsoc:rurrBCI in hors:sand sheep~13415 

D is:ol\€d Se ba:::omes concentrated in suCCES5ive levels of 
the aquatic food chain and is a major concern for wa
terfowl that d3pend upon aquatic biota for f0Qd411 ,416,417 ; 

hOV\Ie\oer, aquatic bioconcentration do:s not pa33a hazard 
tolar~ herbivores (e.g. cattle, elk) under normal condi
tions cs their intake of algce and aquatic organisms is 
very small. Interestingly, bi<B:OJmulation ofSe in the 
aquatic food chain actually removesSe from the water 
column,411 ,418 thusdeaea:;ing the risk tolar~ mam-
mals. Forcges irrigated with EEieniferousvvater contain 
elevated Se concentrations and can pa33a risk to grazing 
animals.411 ,412,418 Whileea:::h of the pra:edingooura:s is 
important, this report is concerned specifically with the 
hazard pa33d to livestock and wildlife by Se in drinking 
water and will focus upon that oource. 

ES:Ential ity 
Selenium is an ES3311tial trace element. Ma:it authori
ties cgree that, worldwide, deficiency is a more common 
problem than toxicity, and, thus, for the lest 40 ya3rs, 

1813826 

much more res:arch hcs fOCU93d upon the effects of 
inadequate dietary Se than too much. This res:arch may 
still be U93ful for its insight toSe metabolism. Within the 
body, Se is a component of 99\/eral enzyme systems, ma:rt 
invol\€d in catalyzing oxidation-reduction reactions.419,420 

TheSe-requiring system thought to be ma:rt responsible 
for damcg3 in deficiency situations is glutathione j:eroxi
da:E.410,421 Selenium supplementation deaeaxs the inci
dence of white ml.lfCie dis:a39, a cleg3nerative condition 
in ml.lfCie resulting from oxidant stres:;~21423 The FDA 
j:ermits 0.3 ppm Se (total ration) csa feed a:lditive, up to 
0. 7 and 3 mg Se j:er head j:er day cs a feed supplement 
for sheep and beef cattle, respectively, and in fortification 
mixtures up to 90 and 120 ppm Se for sheep and cattle, 
resped:ively~24 Deficiency is rarely a problem in Wyo
ming and northern Great Plainsstates.425,426 

Selenomethionine is the main form of Se in common 
forcges, even though it is not a major component of a:
cumulator plant species.427429 It constitutes the major-
ity of ing:sted Se, hOV\Ie\oer, csa:::cumulator plants are 
highly unpalatable and are usually avoided to the point 
ofstarvation.430 WaterborneSe, usuallyEEienite (Se0

3
2·) 

or EEienate (SeQ t) ions, normally compris:s a relatively 
small portion of lar~ herbivores' total expa:;ure; hovvever: 
1) vvater concentrations sufficient to cal..l93 poiooning 
have been ra:::orded in Wyomi~31 ,432 ; 2) poiooning hcs 
oc:rurrBCI in I ivestock cs a result of Se contamination cs
fOCiated with mineral extraction; and 3) Se-contaminated 
vvater hcs the potential toa:ld to the already high back
ground fo~ concentrations common to many parts of 
the Great Plains. 

DietarySe isaboorl:a:l from thesmall intestine in both 
ruminant and monogcstric species. Selenocystei ne and 
EEienomethionineare transported acrcs:; the intestinal 
epithelium by active amino a:id transport ma:::hanisms.433 

Selenite isaboorl:a:l pa:Eively by simple diffusion, but 
SeO/" isa:::cumulated via aNa-mediated carrier with 
sulfate (SO /").419,434,435 To date, there is no evidence for 
hornea5tatic control of Se aboorption cs neither dietary Se 
concentration nor bodily Sestatus influena:saboorption 
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efficiency:rn,437 Al:sorption of 93 is influenCEd by animal 
species and the form of 93 i ng:sted. 931enometh ion i ne, 
the predominant form of 93 in forcge plants, isab:orl::ed 
more efficiently than inorganic forms of 93, at la:st when 
the comparioon is ba:Ed upon ti$U9 concentrations.438 

931enate is better ab:orl::ed than 9303 
2-, at la:st in labo

ratory rodents, and both are more efficiently ab:orl::ed 
than elemental 93.419 Ruminants reduce 53 to unab:orb
ableEBienides in the rumen and are therefore, to rome 
degree, protected cgainst poiooning. It is not unusual to 
s:eEBiena:;is in pa;tured hors:s, while cattle on thesame 
pa;ture remain unaffed:ed.426 Ba:aUS3 the reduction of 
93 by rumen microflora is heavily influenCEd by other 
dietary factors, ruminantsaloo exhibit greater variation in 
93 ab:orption than monoga;trics.415,439 

Following ab:orption, 93 ba::omesa:FOCiated with pla51118 
proteins, mainly albumin and EBienoprotein-P, for trans 
port to tiS5UES.440 931enomethionine is non-specifically 
substituted for methionine in protein437 and only be
comes available for either toxicity or nutrition cs the pro
tein turns over. Other forms are incorporated into es:En
tial EBienoproteinsand/or methylated to dimethyiEBienide 
and the trimethyiEBionium ion for elimination.441 Both 
elimination and protein incorporation appear to involve 
metabolic activation to a reactive intermediate, which, 
when cellular defens:s ba::omesaturated, is responsible 
for ma:;t of the toxic effeds of 93~19 Under normal 
conditions trimethyiEBionium is eliminated via urine 
and, to a les:Er extent, bile, but cs ti$U9 concentrations 
increa:E to toxic levels an incra:sing percentcg3 iselim~ 
nated via respiration csdimethyiEBienide.419 lncrea:a:t 
(i.e. potentially toxic) dietary93aloo results in ashift of 
the distribution of 93 betvveen various proteins and body 
compartmentsl11 ,438,442 although both the physiologic and 
toxicologic significance of this otervation is yet to be 
elucidated. 

931enium interacts with a number of other common 
dietary constituents, primarily at the pharmacokinetic 
(uptake, distribution, and elimination) level. Thes9 
interactions modulate both the nutritional and toxic 
properties of 93. ArEEnic (/ls) decreaxs 93 toxicity by 
decra:sing ti$U9 93 concentrations.35,38,443 Mercury de
creaxsthetoxicityof93 in bircts'7,435 and pa:sibly marine 
mammals.411 Sulfur is thought to alleviate 53 toxicity~ 
When sheep vveregiven 2 rng of93csoodium EBienate 
(N8,z9304), sheep ra::eiving 0.05% dietary Sshowed a 
greater degree of 93 toxicity when compared to sheep 
given 0.11, 0.17, or 0.24% S, ma:;tly csadded S04.

445 

Dietary SO 4 decrea:a:t the 93 balance in dairy rovvs fed 
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Na.z930 4, reduCEd the true avai labi I ity of nutritional 
levels of 93, and increa:a:t its excretion via feo:s in dairy 
cattle.446 This interaction is hypothesiZEd to oc:x:ur csa 
result ofSdecra:sing ruminal pH, altering 53 metabolism 
to unavailable forms, cs vvell cs reducing the incorpora
tion of dietary 93 into ruminal bacteria.445,447 Ruminal 
interactions, hovvever, are not the only explanation for the 
inhibitory effect of Son 93 toxicity. Added dietary sq 
(0.29%) resulted in a 20% growth increa:E in rats fed 
10 ppm 93; 0.58% S04 caus:d a40% growth increa:E; 
and 0.87% SO 4 slightly prevented I iver clarncg3 due to 
93 intoxication.448 The interaction betvveen sq and 93 
is not universal, hoVI.'9\ter. Three thousand mgSQ2-/L 
in drinking water failed to alter the uptake of sub-lethal 
dietary concentrations of oodium EBienite (N8,z930) or 
EBienomethionine in mallard ducks,449,450 and more re
s:arch is needed to elucidate the conditions under which 
the protective interaction oc:x:urs. Cyanogenicglyca:;ides 
block uptake of 93 and ameliorate 93 toxicity42,451 and 
have l:e3n investigated csa means of protecting livestock 
cgai nst EBiena:;is. Copper and Cd have aloo ten shown 
to reduce 53 toxicity, though the medlanismsare not 
known.37,452 lncrem:l dietary protein hcsl:e3n sugg:sted 
to reduce the93\oerity of poiooning.453 The type of feed. 
stuff (alfalfa \oS. gra:s hay) may influence the bioavailabil
ityof93.242 Even being 53 deficient predispaxsanimals 
to 93 toxicity~4 

TO<dty 
Although es:Ential, 93exhibitsa very narrow margin 
of safety. Toxic effects have oc:x:urred in I ivestock at 
dietary concentrations only 40-100 times larger than 
deficiency~21 The form of 93 administered influenCES 
ti$U9 a:::cumulation and thus toxicity.455460 The chem~ 
cal species ma:;t common in vvater are the inorganic ions 
930t and 930/". 931enium toxicity can be manifested 
in two forms, acute or chronic. Acute toxicity usually 
results in G I , I iver, kidney, and heart clarncg3, shock, and 
sudden death.430,459,461 931enium hcsaloo l:e3n implicated 
cs a caUS3 of hypertension and cardiac clarncg3.462 Repro
ductive deficits, including teratogenesis and embryonic 
mortality, oc:x:ur in avian specieSI11 ,417,456,463; hoV119'1ter, there 
is no evidence 53 is teratogenic in mammals.464466 931e
nium may compromiEB reproduction in rnammals.467,466 

ChronicEBiena:;is ("alkali dis:a:E") in ungulates is man~ 
tested ma:;t obviously a:; epithelial clarncg3 (hair la:sand 
cracked hooves) csa result of I1EO"a5isof the keratino
cytef50,469 and i 11-thrift. 
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A single subcutaneous da:E of 2 mg Se/kg BW given to 
pig:; cal..l93d death after four hours.470 Three hundred 
99\€11ty six of 557 calves injected with a N~Se04 oolu
tion that contained 100 rng Se (0.5 mg/kg BW), rather 
than the 12 rng Se that we£ intended, died within five 
vveeks.471 lntraml..lfa..llarly injecting 2 rng Se/kg BW cs 
Na.zSe03 into four calves caU93d shock within three hours 
and death in 12 hours.472 Evves injected intraml..lfa..llarly 
with daxs from 0.4-1.0 mg Se/kg BW exhibited dysp
nea, anorexia, colic, and aEEromucoid na:;al dis:::har~. 
Daxs le:E than 0.6 rng/kg BW vvere not lethal within 
192 hours. The calculated LD

50 
we£ cetermined to be 

0.7+/-0.035 mg/kg.473 Injecting sheep intraml..lfa..llarly 
with 0.68 mg Se/kg BW cs N~Se03 produCEd death 
within 20 hours. Smaller daxs took lo~r to be lethal, 
or they only caus:d reduCEd fee:l consumption and tran
sient signs of intoxication.473 Ninety 1-1g Se/kg BW, given 
intraml..lfa..llarly cs Na.zSe04 , produCEd no clinical signs 
in e/Vf!3. Three hundred fifty 1-19 Se/kg BW we£ lethal in 
oomee/Vf!3. Barium EEienate (Bcf:e04), given similarly at 
rates of 0.225, 0.454, 0.908, 1.816, or 4.9 mg/kg BW 
produCEd no signs other than irritation at the injection 
site.474 

Selenium fed cs Na.zSe03 at rates of 22.3, 33.5, or 52.1 
ppm dietary Se to rats for 359 days resulted in the deaths 
of five of nine, eight of nine, and all nine rats in the three 
treatment groups, respectively, cs vvell cs deaea:a:l ferti~ 
ity and anemia in the population cs a whole.475 An exper
iment focus:d on Sees a causative factor of tooth da:ay 
offered drinking vvater containing 3 mg Se/L cs N~Se03 
to rats for four vveeks. Two of 15 rats died, and the others 
suffered significantly reduCEd fee:l consumption, vvater 
intake, and body vveights.476 Rations containing 6.4 
ppm Se, csEEieniferouswheat or N~Se03 resulted in 
significantly d:crea:a:l growth and enlarg3d spleens in 
rats. Lovver concentrations vvere without 111EX6Urable ef
fects. Higher concentrations resulted in deaea:a:l organ 
vveights and anemia and vvere lethal in rome rats.477 

In one of the earliest controlled studies of Se da:e
respon93, Miller and Williatl1st78 reported thesingleora/ 
"minimum fatal daxs" (which they defined cs a da:E 
lar~enough to kill 75% of the test group) vvere 0.68 rng 
Se/kg BW for hors:s and mules, 1.1-2.2 mg Se/kg BW 
for cattle and 2.2-3.6 rng Se/kg BW for swine, all given 
cs Na.zSe0

3
. Although the experimental protoool we£ not 

up to mocern standards, more ra::snt reports in cattle and 
hors:s usually cgree within two- to five-fold. Depres:;ion, 
anorexia, hind limb ataxia, and sternal rocumbency devel
oped in 256 pig:; in a commercial piwry after the pig:; 
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vvere expa:Ed to fee:l containing 84 ppm Se.479 Feed con
taining 8.1 ppm Se resulted in d:crea:a:l fee:l consump
tion and paralysis in 54 fee:ler pig:;.480 Rations contain
ing 14.75 ppm and 26.65 ppm EEienium caus:d hair la:s, 
reddening of skin, and hind limb ataxia in 80 of 160 
pig:;. Higher concentrations resulted in fee:l aversion:"81 

Porcine diets fortified with approximately 25 ppm Se cs 
Na.zSe0

3 
resulted in hair and hoof lesions and vveight 

la:s. Higher concentrations produCEd fee:l aversion and 
poliomyelomalacia.482 Corn, naturally contaminated 
with 10 ppm Se, fed for five months, resulted in two of 
five pig:; clevelopi ng alopecia and hoof lesions.483 Pelleted 
rations containing 26.6 or 31.7 ppm Se, fed cs N~Se03 
or the Se-a::x:umulator A. bisulcatus, respectively, and fed 
for 93\.oeral vveeks, resulted in reduCEd fee:l consumption, 
alopecia, cracked hooves, and paralysis in pig:;.457 

Asingleda:Eof 5 mgSe/kg BW, given orally a; N~3, 

We£ acutely toxic in lamts.484 Drenching 190 lamtswith 
6.4 mg Se/kg BW resulted in the death of 180 within 15 
days.485 Tvventy lamts, four to 14 days of cg3and avercg 
ing 4.5 kg, vvere mistakenly given 10 rng N~Se03 (2.2 
mg Se/kg BW) orally to prevent white mus:le dis:a:E; 
99\.€11 died within 17 hours, and eight more experienCEd 
diarrhea cs a result of acute toxiro:;is. Ps a follow-up 
experiment, an additional etveWC£ injected with 0.45 mg 
Se/kg BW, which resulted in death within eight hou~86 

Glenn et al.464 fed eJVf!3 i ncre:si ng daxges of Na.zSeO 
4 

for 100 days and concluded the "minimum lethal" da:E 
we£ 0.825 rng Se/kg BW/rBj. One of a group of 12 a:lult 
eJVf!3 and their lamts, pcstured in an area of EBlen iferous 
forcg3and vvater, died following 14 days; other animals 
vvere unaffected when removed after four vveeks. The 
expa:;ure from the combination of contaminated forcg3 
and vvater we£ calculated to be 0.26 mg Se/kg BW/rB:/~13 

Sheep vvere lethally poiooned by graz:i ng high Se forcg3 
(<49 ppm Se D M) and drinking high Se vvater (340-415 
1-19 Se/L) for four vveeks; hovvever, a similar group on a 
neighboring pcsture with forcges < 13 ppm Se and nor
mal vvater vvere unaffected.413 

Steersg3\/Cg3d with varying daxs betvveen 0.25 and 0.5 
mgSe/kg BW cs N~Se03exhibited inappetence, depres
sion, and death. Two of eight died within eight vveeks, 
and four more died within 14 vveeks.487 Feeding 0.28 and 
0.8 mgSe/kg BW (approximately 10 ppm and 25 ppm 
Se, respectively, uncer ~conditions) csEEienomethio
nineor 0.8 mgSe/kg BW cs N~Se03 to yearling steers 
for four months resulted in overt clinical signs of alkali 
dis:a:E in one steer and histological lesions of dyskera
ta:;is in 93\.oeral more.458 Primary antibody responEE we£ 
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significantly imraired in the same da:Egroups.488 A da:E 
of 0.15 mg/kg BW (~proximately 5 ppm 83 in diet), fed 
cseither 99lenomethionineor N~8303 , and 0.28 mg/kg 
BWcs N~8303 in thesameexperimentsvverewithout 
mea;urable effeds.458,488 Da;ing calVES with 0.25 mg 83/ 
kg BW cs N~8303 via bolus for 16 vveeks resulted in hair 
and hoof lesions typical of 99lena;isand indications of 
increa:a:l oxidant stre:E.489 Deaea:a:l growth and anemia 
oc:rurred in pre-ruminant calves fed 10 ppm cs N~8304 
for 40 days, but no mea;urable effects oc:rurred in calves 
fed 0.2-5.0 ppm 83.490 

There is a relative raucity ofquantitathedata in hors:s, 
although hors:sare the species meEt commonly dicg
na:a:l with 99lena;is at the Wyoming State Veterinary 
Laboratory. Ponies da:a:l via stomach tute with 6 or 8 
mg 83/kg BW cs N~8303 de\.eloped signs of acute 99le
na;is within six hours; ponies given 2 or 4 mg 83/kg BW 
remained clinically normal for the 14-clayexperiment.452 

A 4-yESr-old gelding a:::cidentally given 25 mg 83 (0.055 
mg 83/kg BW) orally cs N~830 4 for five cons:cut ive days 
de\.eloped a straN-colored exudate on its I ips, prepuce, 
and anus. Within threevveeks, its hooVES had s:parated 
from the coronary !::End, and alopecia wcs prES311t on the 
mane and tail.491 This report did not inVEStigate the83 
content of the rest of the diet. Chronic83 toxia:sis wcs 
di~na:a:l in 99ven hors:s consuming hay containing te
tvveen 0.49 and 58 ppm 83 (111EB1 22 ppm) in combina
tion with a mineral supplement that contained 1.9 ppm 
83.492,493 Eight of 20 hors:s de\.eloped alkali dis:a:E after 
teing fed alfalfa hay that contained 5.9-17 ppm (mean 
= 11.9 ppm) 83 for 99veral vveeks~94 Several hors:s vvere 
di~na:a:l with alkali dis:a:E in oouthea5tern Idaho after 
teing turned into a pcsture where the only vvater supply 
contained ~proximately 0.5 mg 83/L.495 As:iuming vvater 
consumption of 10% BW, this works out to 0.05 mg/ 
kg BW, but there wcs proi::Ebly oome additional 83 from 
fo~ in the pcsture. Feeding hors:s oats containing 
96 ppm added 83 (19.2 ppm of total ration) cs N~8303 
for 99veral months resulted in listle:EneE, IOa:Ening of 
hair, ooftening of the horny wall of hoof, and, ultimately, 
death.496 A 9-yESr-old gelding de\.eloped a swollen pre
puce, vesideson its nCEtrilsand mouth, and hoof lesions 
of alkali dis:a:Eafter ra::eiving 153.4 mg 83 per day in his 
feed (16.4 ppm D M) for 99veral days.497 In QUEa1Siand, 
Australia, hors:s and sheep vvere di~na:a:l with chronic 
and acute 83 toxicity after grazing area:; with \/Eg3tation 
containing 200-3,038 ppm 83and correspondingooil 
concentrations of 64-128 ppm 83.498 
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In goats, daily oral daxs of 5-160 mg 83/kg BW ad
ministered via capsules vvere uniformly lethal within 
31 days. Daily daxs of 0.11-0.45 mg Se/kg BW vvere 
given for 225 days with no toxic effects.499 Elevated 
levels of 99lenium in theooil (1.45-2.25 ppm 83) and 
fo~ (40.32-80.64 ppm 83) in West Bengal, a state 
in India, have b:en blamed for a gangrenous condition 
("Deg Nala") in grazing buffalo:sexhibiting hoof cracks, 
malai99, abdominal rain, laminitis, and edema on the 
tails and ear tips.500 Feeding captive pronghorn antelope 
gra:E hay that contained 15 ppm 83 for 164 days did not 
result in any overt clinical signs but did deaea:E primary 
antibody respon99 to a challenge with hen egg albumin.501 

The foregoing notwithstanding, feeding steers99lenif. 
erous wheat, 99leniferous hay, or a control diet with 
supplemental N~8304 to supply 12 ppm dietary83 (65 
1JQ83/kg BW/day) for 100 days did not produce any 
00\/iousevidence of 99lena;is.442,502 Ell is et al.503 fed adult 
Holstein COV'vS up to 50 mg 83/head/day (approximately 
87 1J9 83/kg BW /day) cs N~8303 for 90 days, follovved 
by 100 mg83/head/day (approximately 1751JQ83/kg 
BW /day) for another 28 days with no aprarent health 
effects. Evves tolerated 24 ppm dietary 83 from N~8303 
or 29 ppm 83 from A. bisulcatus for 88 ciays504 or 10-15 
ppm dietary 83 through two pregnancies.505 Cristaldi et 
al.506 fed vvether lambs N~8303 at dietary 83 concentra
tions up to 10 ppm for one yEar with no effect on rate 
of gain, 99rum enzymes, or rathology and concluded 
":::;10 ppm dietary 83cs99lenite is not toxic." The same 
res:arch group fed 4, 8, 12, 16, and 20 ppm dietary 83 cs 
N8.z8303 to adult eJVES for 72 vveeks with no effect upon 
body vveight nor other evidence of poiooning.507 

Summary 
Although the N RC421 sugg:sts that hors:s are about cs 
99nsitive to oral83 cs cattle, sheep, and goats, our res:arch 
indicates that species 99nsitivity is hors:s >cattle> sheep 
and goats. Experience at 99veral regional di~nCEtic labs 
indicates hors:s may te poiooned while ruminants using 
the same fo~and water remain unaffected_426,506,509 
With the exception of one study in antelope, there is 
insufficient cla:&respon99 data upon which to ba39 safety 
ra::omrnendations in large mammalian wildlife. That 
said, there are reports of elk and deer sharing pcstures 
with hors:s, sheep, and cattle, where the hors:s de\.eloped 
alkali dis:a:E, without any mea;urable ill-effects in theelk 
and deer.510 Thus, 111.ater that iss:Jte for rors:sSJ:Ju/d tes:Jte 
for otter li'v€5la:k and ruminant wi/d/iteS[Ei€5. 
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The effeds of vvater -oorne 93 are, I ike many other ele 
ments, a:lditive with feed content. The chemical form 
of 93 in surfa::e vvaters is pra:lom i nately 930

3 
2- or 930 t, 

which is fortunate cs thes9 ions are the forms mart 
thoroughly res:arched. In theory, relatively small concen
trat ions of 93 in vvater may be sufficient to push animals 
on moderately high 93 forcg:s over the edge of toxicity. 
Unfortunately, the 93 content of forc:g3 and hay in this 
region varies from marginally deficient to downright 
toxic, and other dietary factors such cs protein, vitamin 
E, or cyanogenic glyro;ides may modify the effeds of a 
given concentration of dietary 93. For purpaxs of this 
report, vve CEEUma:l a "typical" forc:g3 containing 1 ppm 
93 (ma:rtly cs 99lenornethionine), normal protein, vitamin 
E, and other trace element concentrations. The thresh
old for chronic poiooning in hors:s from the literature is 
0.05-0.1 mg/kg BW/day. Thiscgre:swith unpublished 
otervations from our laboratories. Thus, vvater that 
contains 0.25 rng 93/L, consumed at a rate of 10% BW, 
combined with "averc:g3" 93 forc:g3, would constitute a 
potentially hazardous cla:E. In extremely hot vveather, 
working hors:s drinking 20% BW of 0.125 mg 93/L 
vvater (a ltefYCOn99rvativeCEEUmption) would ra::eivea 
hazardous da:E. 

In a teaS where forB{PSeCXJf'KB'Jtrationsare hif/Jer, or 
if l1or9?s are nmivirg dietary supplements that contain 
Se, safe water CXJf'KB'Jtrations will have to be adjusted 
cbNnward, but under normal conditions, 0. 111gi'L 
s/Duld not cause problerrs. 
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9 Sodium Chloride 

Sodium chloride (NaCI), or salt, wcs one of the first 
nutrients to te identified a; ES3311tial to I ife. In ancient 
times, city locationsvvereba:Ed upon theavailabilityof 
salt, vvater, and food.511 Although ()(E3n vvater contains 
approximately 2.68% NaCI and animals utilizing this 
environment fa:e the challeng3 of coping with exceEive 
salt, ma:rt terrestrial animals find it difficult to obtain 
adequate dietary salt and have developed methods to 
col199rve NaCI.512-514 Due to the relatives::arcity of salt 
in typical pa;tures, thousands of metric tons of NaCI are 
produCEd ea:::h year for U93 in mineral supplements.511 

Sodium (Na) and chlorine (CI) are rarely found in e~ 
emental form in nature; hovvever, ma:rt of the toxic effects 
of NaCI are due to Na. When appropriate, articles that 
mention one or the other s:parately will te cited. 

ES:Entiality 
Both Na and Cl are Es:Bntial elements for practically all 
forms of I ife. Sodium (Net) is the major extra::ellular 
cation while Cl- is the major extra::ellular anion; tog3ther, 
they are responsible for maintaining acid-l:a:E balance 
and regulating the a5111otic prE$Ure of bodily fluids.515,516 

Excitable cell membranes (e.g. nerve and mu:clecells) 
depend upon tightly regulated Net and Cl- concentra
tions in cellsand theextra::ellular fluid (ECF). Blood, a 
special i2Bd form of ECF, consists of approximately 0.9% 
NaCI.514 Sodium chloride is reportedly the only mineral 
animals truly crave and wi II actually s:ek out_514,517 The 
dietary NaCI requirement of swine is tetween 0.10 and 
0.14%, and 0.18% Na is I1ESd3d to achieve optimal 
performance.518-521 Similarly, the optimal dietary Nacon
centration in hors:s is 0.16-0.18% D M515 and for cattle 
is 0.08-0.1%.522 Under extreme conditions, such a; high 
temperatures, lactation, or hard work, thes3 requirements 
increa:B due to increa:Ed excretion of both Net and 
Cl-.523,524 The clinical signs of sodium chloride deficiency 
are polydipsia (extreme thirst), polyuria (extreme urina
tion), salt hung3r, pica (licking foreign materials), vveight 
la:s, and deaea:Ed milk production.525,526 Chloride defi
ciencies have been produCEd by fee:ling diets with 0.10% 
Cl or les and prES3nt a; anorexia, vveight la:s, lethargy, 
deaea:Ed milk production, polydipsia, polyuria, and 
cardiopulmonary depresion, etc. a; clinical signs.527-529 
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Once ing:sted, 85-95% of Naand Cl arecb:orted in the 
Gl tract, particularly the small intestine. Large amounts 
of Naand Clare recycled into the intestinal tract via 
salivary, pancreatic, and intestinal epithelial s:cretions, 
csvvell a; bile. The high intestinal Na concentration 
is required to transport gluam, amino acids, and other 
nutrientsacra:s the muro:a. Chloride isaloo s:creted 
into the intestine to aid in creating the low pH environ
ment I1ESd3d for proteolysis. Thes3s:cretions must then 
te reab:orted further down the Gl tract to con93rve the 
elements.514 It hcsl:een sugg:sted that elevated dietary 
NaCI can increa:E protein dig:stion. Hernsl~0 dis::ov
ered that increa:Ed NaCI in the diet increa:Ed the rate of 
pa:EEgeofoolid dig:sta from the rumen, which deaea:Ed 
microbial degradation within the rumen and increa:Ed 
the amount of protein available in the small intestine. 
Altered ruminal fatty acid concentrations have aloo l:een 
related to dietary NaCI.531-533 Dietary Na+ and Cl- in 
exceE of physiologic requirements are usually efficiently 
eliminated from the body via the kidneys.534 

Pota:Eium is the main intra::ellular cation, Na is the main 
extra::ellular cation, and Cl- is the main extra::ellular an
ion. The relative concentrations of thes3 three elements 
creates an ela:::trochemical gra:lient acra:s cell membranes 
that isES3311tial for nutrient transport, nerve conduction, 
mu:cle contraction, and energy generation, and they 
indira:tly aid in maintaining pH balance. Imbalance; 
of thes3 elements result in a variety of dioorders from 
deaea:Ed gains to acute death_535-537 

TO<dty 
The toxicity of NaCI is intimately related to the avai~ 
ability ofvvater and isoometimes referred to a; "sodium 
ion toxicity-vvater deprivation syndrome;" hovvever, if the 
da39 of Na+ is high enough, Na is toxic regardles of vvater 
intake.538 If adequate vvater is prES311t, ma:rt animals can 
tolerate relatively large daxs by incre:sing Net excre
tion.534,539-542 If sufficient vvater is not available, acute 
toxiro:;is results in dehydration, blindnes, incoordina
tion, convulsions, recumbency, and death~5 ,538 ,543 ,544 The 
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normal physiological respon93 to elevated dietary NaCI 
is increa:a:l vvater intake; hoV\18\.oer, if the water contains 
high NaCI concsntrations, drinking results in 8\.€11 more 
NaCI intake and increaxs the risk of ra::eiving a toxic 
d093.542 Even when sufficient potable water is available to 
eliminateexce:Edietary Na, every gram of NaCI excreted 
requires producing at lea:rt 5 ml of urine"45 at a finite 
metabolic 005t. Thus, slight to moderately elevated Na 
may impoct growth and performance.542,546,547 

The ma:::hanisms underlying acute toxicity are related to 
cellular dehydration, or "ti$U8shrinking," and edema. 
When extra::ellular Net concentrations ta::ome elevated, 
vvater is dravvn out of the cell down the concsntration 
gradient, resulting in shrinking.514,548 Eventually intra::el
lular Na+ concentrations adjust to a reN equilibrium with 
theextra::ellular fluid (ECF), and cells return to their 
normal volume. By two to three days of expa;ure toe~ 
evated Na+, neurons have repla:ed the increa:a:l intra::e~ 
lular Na+with "idiogenicCSlloles," hydrophilic, organic 
mola:ules that compensate for the attraction of extra::el
lular Na+ for water.549 Ti$U8shrinkcg3 due to elevated 
ECF Na+ results in clar'ncg:! to the small blood VES33Is 
that supply the superficial portions of the brain. Later, 
after animals have adapted to elevated extra::ellular Na'" 
concsntrations (whether from exce:Eive dietary Na intake 
or vvater deprivation) and areallovved freea:x:eE to vvater, 
theextra::ellular fluid ta::omes diluted and water isdravvn 
ta:k toward the elevated CS11olarity inside the neurons, 
resulting in cellular S\1\18lling and da111Cg3. In either ca:E, 

clinical signs result from cerebrocortical (brain) clar'ncg:!. 

Acute toxicity hc:sb:en ob93rved in cattle, pig:;, dog:;, and 
rats after ing:stion of extreme concsntrations of NaCI. 
Ninety-one cattle developed mus::ular vveaki1E$, ml.lfele 
fa:ciculations, and sternal and lateral ra:umtency, and 
they sul:a3quently died, cs a result of drinking vvater from 
a tank and lc:g:x:m that contained 4,370 and 21,160 rng 
Na+fL, resp:ctively~05 Cattle consuming vvater contain
ing 5,850 mg Na+fL experienced a 13.7% reduction 
in body weight, with corresponding reductions in fea:l 
and water intakes.550 Water containing 6,726-6,826 mg 
Na+fL resulted in a la:s of condition, s::ouring, and death 
in 15 of 220 cattle.551 Six cattle !:egan showing signs of 
CNS disruption four hours after consuming 50 kg of a 
supplement containing 50,000 ppm NaCI (19,500 ppm 
Na), despite drinking water immediately afterward.538 A 
pig owner repla:ed free-choice NaCI cs a salt block with 
two "handfuls" of 10093 tra::e mineral salt in 30 gallons of 
vvater. Within six days, four pig:; !:egan champing jaws, 
frothing at the mouth, and convulsing, and two ulti-
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mately died.552 Abruptly svvitching gilts to a diet contain
ing 13,600 ppm NaCI resulted in fea:l refusal and vvatery 
diarrhea lcsting 93\teral days.553 Da:;ing an 11.3-15.9 kg 
(25-35 lb) pig with approximately 178.6 g NaCI (69.6 
g Na+) in 500 ml water resulted in death within 15 
minutes.554 A female dog ba:ame blind, convul93d, and 
8\oel1tually died after consuming s:eJVater (26,800 rng 
NaCI/L) on a hot summer day?# Three female B<Eton 
terriers ba:ameataxic, convul93d, and later died after 
drinking water contaminated with brine and containing 
approximately 100,000 mg NaCI/L.555 A male Airedale 
terrier began having 93izuresand 8\oel1tually died after 
ing:sting a bolus of a salt-mixture clay. The concentra 
tion of NaCI in the clay wcs not reported; hoV\18\.oer, it 
wcsstated a minimum of 20 g NaCI still remained in the 
dog'sstomach.548 The minimum toxicd093 in canines 
wcsestimated at 2,000 mg NaCI/kg BW (780 mg Na/kg 
BW).556 Rats refu93d to drink vvater containing 25,000 
mg NaCI/L; death ocx:urred after 93\teral days of water 
refusal were folloVI.€d by gorging on vvater?57 

Chronic toxicity hc:sb:en inVEStigated under both field 
and experimental conditions. Cattle consuming wa-
ter containing 12,000 mg NaCI/L (4,680 mg Na'"/L) 
throughout the summer months did not ta::orne cl ini
cally dehydrated, but they did exhibit diarrhea, a 28.2% 
reduction in fea:l intake, and a 69% increa:E in water 
intake.558 Cattle ing:sting water containing 2,500 rng 
NaCI/L (975 rng Na'"/L) for 28 daysshoVI.€d increa:a:l 
vvater intake, cleaea:Ed milk production, and diarrhea.547 

Steers fed diets containing 50,000 ppm NaCI (19,500 
ppm Na) for up to 175 days gained leE weight and 
utili2BCI organic matter leE efficiently than controls?31 

Steers fed high grain diets containing 70,000 ppm NaCI 
(27,300 ppm Na) for 126 daysshovved increa:Ed wa-
ter intake, decrea:a:l fea:l intakes, and altered dig:stion 
patterns.559 Feeding lactating rovvs low fiter diets in 
conjunction with concsntrate containing 60,000 ppm 
NaCI resulted in a 6.9% cleaea:E in organic matter 
consumption and a 22% increa:E in water intake, but 
thes3 diets had no effect on milk production.560 Lactat
ing heifers supplemented with 136 g NaCI/day, begin
ning 42 days prepartum and continuing until10 days 
pa:;tpartum, shovved an increa:a:l incidence of udder 
edema.561 Water containing 15,000 mg NaCI/L resulted 
in cleaea:Ed fea:l consumption, decrea:a:l body weight, 
and increa:a:l vvater intake in sheep.546 Drinking wa-
ter containing 10,000-13,000 mg NaCI/L resulted in 
neonatal mortality and distre:E at parturition when given 
to twin-l:mring pregnant eJVES.562 Sheep drinking water 
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containing 15,000 mg NaCI/L for 21 days consumed les 
feed and more vvater than controls.542 Sheep consum-
ing vvater containing 20,000 mg NaCI/L for three days 
experienced a sharp d:cline in feed intake. After five 
days drinking thevvater, the animals' feed consumption 
eventually ra::overed, sug;):Sting an adaptive respo1193~3 

Laml:s given 2 g NaCI/kg BW from an early~ had 
significantly lovver growth rates, reduced feed intakes, and 
diarrhea in comparison to controls.564 Pigs consuming 
15,000 mg NaCI/L vvater for 30 days ba:arnestiff leg;Jed 
and nervous, and they had reduced water intakes.565 

Hypertension hc51::e3n produced in rats by offering vvater 
containing 10,000-25,000 rng NaCI/L for six months 
or long3r.566-568 Feeding trials d3termined the chronic 
oral LD 

50 
of NaCI fed to rats for 100 days wcs 2.69 g/kg 

BN_569 

Toxicity tmalso l::e3n shown to cx:x:ur when elevated 
dietary NaCI is coupled with water restriction. Feed-
ing 60 3-year-old steers a supplement containing 4.5 kg 
NaCI one day prior to withholding feed and vvater (to 
obtain fcsting bodyvveights) IBSUited in blindnes, inco
ordination, knuckling of fetlocks, and ra:::uml::ency in five 
animals.543 Goats offered diets containing 30,000 ppm 
NaCI for 30 daysshovved a 20% d:crea:E in feed intake 
when water wcs freely available and a 43% reduct ion 
when water wcs restricted.570 Pigs fed NaCI at the rate 
of 2.4 g/kg BW with restricted vvater shovved "extreme 
signs" of NaCI toxicity and ultimately died.571 Sodium 
chloride poisoning wcs dicgna:a:l in a herd of pigs that 
exhibited convulsions, an unsteady gait and mu:cle
twitching, blindnes, and rapid breathing. The pigs had 
l::e3n without water for an undetermined amount of time, 
and no levels of dietary NaCI vveregiven.572 Swine b:gan 
having convulsions and vvereexhibiting head p1BS5ing 
within three days of being purcha:a:l at an auction. It 
wcsdetermined the clinical signs developed csa result 
of the pigs ra::eivinga high salt diet prior to the sale and 
then ra::eiving no vvater during the auction.573 

Thereare93\oeral reports that indicate at la:st some Na 
can be tolerated. Offering cattle water containing 4,110 
mg NaCI/L resulted in increa:Ed vvater intake and diure
sis; hovvever, no other effects on animal health vvere no
ticed.574 Cattle consuming water with 5,000 rng NaCI/L 
(2,000 rng Na+fL) appeared clinically normal throughout 
the cou!B9 of two 30-day experirnents.539 Steers con
suming 192-193 g NaCI/day for 84 daysshovved no 
ol:e9rvable negative effeds when ingesting a roug~ 
diet; hovvever, when fed a corn sil~ diet, the animals 
consuming the high Na diet had reduced vveight gains 
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and feed efficiencies. Roug~ diets tend to increa39 
vvater intake, potentially diluting NaCI and clea"a:5ing its 
effects.532 Sheep consuming water containing 13,000 mg 
NaCI/L for up to 16 months increa:a:l their water intake, 
but they exhibited no other adve!B9 health effects?40,575-580 

Rations with a NaCI concsntration of 91,000 ppm fed to 
sheep caus:d no significant effects on breeding, gestation, 
lambing, or wool production.581 Swine consuming 5,150 
mg NaCI/L vvater had a drcstic increa:E in vvater intake; 
hovvever, no other adve!B9 effeds vvere noticed~2 

The I i m ited data available regarding Ct in vvater s:ans 
to indicate it is primarily a palatability factor. The EPA's 
s:condary water standard for human consumption 
suggests that more than 250 rng CI·/L imparts a "salty" 
tcste.583 Water containing 5,000 mg CaCVL offered to 
cattle IBSUited in water refusal despite lack of any other 
vvater ooura:s. Water containing 3,000 rng/L resulted in 
increa:a:l water consumption and urinary acidification 
but no 111EX6Urable effects on performance or health.584 

The SO/" ion wcs les palatable to b:ef heifers than 
the Cl- on an equimolar l:mis.585 Rats drinking water 
containing 10,000 rng CaCI/L vvere unable to produce 
normal litters, and 15,000 mg CaCI/L reduced growth 
rates.586 Conve!B9Iy, in another study, rats consuming 
15,000 mg CaCI/L adapted, grew normally, reproduced, 
and vvere able to suckle their young.557 

The effects of Naand Clare difficult to93paratesince 
neither exists in its pure state in nature, and the elements 
usually cx:x:ur tog3ther in vvater. It isaloo difficult to s:pa
rate the chronic effects of NaCI from tha:E attributed to 
T OS in the I iterature, cs the Na" and Cl- ions are major 
constituents of salinity under natural conditions. Never
theles, it is the Na" ion that s:ans to be responsible for 
meEt of the ra::ogni2BCI effects of "salt" poiooning~ At 
preEnt, there is not sufficient data to make any specific 
ra::omrnendations reJarding c~ in drinking vvater for 
liVEStock or wildlife. 

The toxic effects of Na are very dependent upon the avai~ 
ability of fresh vvater. If abundant, good quality drinking 
vvater is available, animals can tolerate lar~daxsof Na. 
This fact notwithstanding, at oorne point exce:E dietary 
Naexa:eds the ability of the organism to excrete Ncr, and 
acute poisoning results, regardles of water intake. The 
threshold for acute toxicity s:ans to be approximately 
1g Na/kg BW for swine, with cattle equal or slightly les 
S31lsitiveand sheep considerably les9311Sitive (roughly 
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2.5 g Na/kg BW). Ma:;tanimalswilllimit their con
sumption of NaCI to approximately 400 mg Na/kg BW/ 
day, if pa:Eible. Beyond this da39, feed intake, water 
consumption, and productivity decline. We couldn't find 
sufficient equine-specific data to nominate a toxic da39, 
but ma:;t revievvers indicate hors:sare roughly similar in 
EEnsitivity to cattle and swine. Similarly, theJB is virtually 
no quantitative data on wild ungulates, but there is no 
rea:on to suspect wild ruminantsaresignificantly moJB 
EEnsitive than cattle. 

If the only vvater available is aloo the major oource of 
dietary Na, long-term impacts will oc:x:ur at lower da:r 
cg:s. Chronic health effects, mainly decrea:a:l producr 
tion, have been reported at water concentrations a:; low 
cs1 ,000 mg Na+fL in dairy co~J~.S; hOV\Ie\oer, other studies 
with beef heifers in cooler climates reported only minimal 
effects at 1,600-2,000 mg Na'"/L. Interestingly, the actual 
d:H:sof Na consumed by the cattle in all of theE studies 
(250-400 mg Na+fkg BW) vveJBsimilar. Daxg:sgreater 
than 800 mg Na/kg BW resulted in effects ranging from 
vveight la:sand diarrhea to death. 

It is theoretically pa:Eibleanimals maintained on high
Na+water for prolonged periods will, ifsuddenlyexpa39d 
to low-Na+vvater, develop acute Na- ion intoxication, and 
anecdotal reports suggest that such hcs happened under 
field conditions. We vveJB unable, hOV\Ie\oer, to dis:::over 
sufficient quantitative information to make any ra:::om
mendationsother than animals should te transitioned 
from high to low Na'" water ooura:s gradually. 

A:sumif{Jwaterronsumption typical of a rapid/ygrcNV
if{Jstmr (s::e Introduction) and only background feed 

Na oof'ICBJtrations, the~ leveiiMXIId be about 
1,000 ng Na+JL or 2,500 ng NaCIIL. Seriousefkls, 
includif{J death, lxmme likely at 5,000 ng Na+JL. We 
rgxmmend keepif{J drinkif{J water Na CXJI'JCBJtrations 
at lf?IB than 1,000 IT{J'L, althot.JgJs/Drt-term ecpa;ure 
to CXJI'JCBJtrations up to 4,000 IT{J'L s/Duld be vve/1-
to/erated. 
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10 Sulfur 

Sulfur (S) occurs in nature a; freeS or combined with 
other elements in sulfides and sulfates. The ma:;t com
mon form in vvater is the sulfate (SOt) ion, although 
rome sulfurous vvells may contain relatively high concsn
trations of dis:olved sulfides. The latter do not persist 
for long under surfa::e conditions but may contribute to 
health problems while they are p1B9911t. Sulfides in igne 
ousand S3Ciimentary rock are oxidized to sulfate (SO ) 
during thevveathering proce:E. The resultingsulfate~lts 
are la:dled from roi Is by runoff and may te concentrated 
by evaporation in playa;. Some aquifers are naturally 
very high in SO/. Once SOt isdis:olved in vvater it 
cannot te removed unles:; it is reduced to sulfide by an
aerobic organ isms and pra:ipitated in S3Ciiments, relea:Ed 
cs hydrogen sulfide (H2S) or incorporated into organic 
matter .587 Re\.e193 a:;ma:;is, distillation, and ion exchange 
may te uS3CI to remove SOt from vvater; hovvever, none 
of tlles3 proce:a:s is 005t-effective for livestock under 
normal conditions. Sulfur may alro te p1B9911t in organic 
compounds synthesi2BCI by aquatic biota; hovvever, this 
form is usually a relatively minor component of the total 
vvater S content. In 1997, 11.5% of 454 forcg3/vvater 
pairs colla:::ted from around the United States yielded 
dietary S concentrations potentially hazardous for cattle. 
Thirty-93\1811% of tlles3elevated pairs originated from the 
vvestern United States, including Wyoming:'88 

ES:Entiality 
Sulfur ises:a1tial for health and, in fact, compris:s 
about 0.15% of the total body in mammals, where it is 
a constituent of the amino acids methionine, cysteine, 
cystine, homocysteine, cystathionine, taurine, and cysteic 
acid. It isalro a component of biotin, thiamin, estrogens, 
ergothionine, fibrinogen, heparin, chondroitin, glutathi
one, crenzymeA, and lipoicacid.589 Calves deprived of 
dietary Shad smaller livers, spleens, and testes, and larger 
brains and adrenals than controls.590 Lactating dairy rovvs 
require tetween 0.17% and 0.20% total dietary S to 
remain in pa:;itive talance, csSconstitutesan estimated 
0.78% of milk proteins.591 The nutritional S requirement 
of monoga;tric mammals must te provided a; two amino 
acids- methionine and cystine. Ruminants can U93 

either preformed ami no acids or synthesi;re S-am i no acids 
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from inorganicS; hovvever, the efficiency of the latter 
proce:E varies with other dietary conditions_592-594 

The first step in ruminal synthesis of &amino acids from 
inorganicS is reduction of the latter to H S.595 Not sur
prisingly, S04 is converted to H2S more efficiently than 
pre-formed S-am i no acids. Halveroon et al.596 examined 
sulfide production from variousSroura:sand found 
methionine produced one third the amount of sulfide a; 

804. Under normal circumstanCES, the rea:tivesulfide 
ion is combined with carbon by rumen microflora to 
create methionine, homocysteine, cystathionine, cysteine, 
and other &amino acids. Under conditions of exceEive S 
intake, hovvever, significant quantities are reduced tortS, 
and the very toxic ga; es:apes from the rumen into the 
systemic circulation resulting in poironing_597-601 

ExceE rumen sulfide may alro interact with certain 
tra::eelements, especially Cu, clecre:sing bicavailability 
and pa:Eibly resulting in 93rious nutritional deficien
cies.241,447,602-604 In ruminants, Scombineswith Mo to 
form thiomolybdates. Tlles3, in turn, form unaboortable 
complexes with Cu, which irreversibly bind to therolid 
plla:E of the digesta, resulting in Cu deficiency~41 It hC5 
alro b:en suggested that thiomolybdates interfere pa:;t
al:sorptively with Cu incorporation into the enzymes 
superoxide dismuta:E and cytochrome oxida39, compro
mising mitochondrial integrity and cell function_230,241,605 
Finally, it hC5 b:en theori2BCI that rome of the effects of 
exceEdietary Moareactually due to Mo toxicity,rerS9 
and not to hypocupremia.241 Of the three elements, Cu, 
Mo, and S, S provides the meEt variation in nutritional 
outcomes due to its multiple metabolic pathways from 
the rumen. Sulfur exits the rumen principally a; sulfide, 
but it can alro leave a; und:graded protein S or te i ncor
porated into microbial protein. lnorganicS from diet, 
saliva, or d:graded protein is the only form ofS that will 
interact with Mo and Cu. Several factors affect protein 
d:gradation to S, including the supply of d:gradable 
nitrogen, the rate of ingestion, the specific population of 
rumen microte, and the availability of readily ferment
able carbohydrates. 241 
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0 ietary S may aloo antc{pn i:ze Cu metabolism in the 
abs3nce of exce:Eive Mo. Copper ooficiencies cx::rurred 
in cattle fed 0.3% total dietary 8'06

, and 500 mg S/L 
vvater W2S hypothesi:zed to cal..l93 s:condary ooficiency C6 

it rai93d dietary S to 0.35%, both in theal:e9nceofexce:E 
Mo.230 Sulfur inhibits the uptake of Zn. The interoo 
tion tetween Zn and Sis further mcgnified if animals are 
fed a high fiter diet.603 Sulfur aloo cleaeaxs the uptake 
of dietary ~.445,607 High dietary concentrations of Sare 
thought to reduce rumen pH, favoring the conversion 
of~ to biologically unavailable S3lenioo.445,608 Sulfur 
may aloo reduce incorporation of dietary~ into ruminal 
ta:terial protein.447 Interestingly, S hcs l:a3n shown to 
protect cgai nst ~ intoxication unoor rome ci rcumstanc
es_445,44s 

Monogcstricanimals lack the ability to produceS-amino 
acids from inorganic Sand are thusoomewhat leEEEnsi
tive to the above-mentioned toxic effects of the sulfide 
ion. For example, the NRC "maximum tolerable" S 
concentration for ra~ cattle is 0.5%, whera:s 0.69% of 
diet iscptimal in rats.589 Although it is pa:Eible for a mo
nogcstric to g3119rate toxic concentrations of H2S follow
ing ing:stion of elemental S, the daxge required is much 
greater than in ruminants. To illustrate this, 14 hors:s 
vvere mistakenly fed tetween 0.2-0.4 kg of flovvers of S 
(99% S) resulting in a da:B tetvveen 333-666 mg/kg BW 
(corresponds to 11-22% dietary dry matter). The hors:s 
ta:ame ill within 12 hours, and two died after 48 hours. 
R:Et rrnrtemexamination of the two cla:a:e3cl animals 
re\offiled cranioventral conoolidation of the lung:;, hemor
r~ing throughout the heart and Gl, and cong:stion of 
the liver.609 Toxiceffed(s) of inorganicSsalts (e.g. SQ) 
in monogcstricspeciesare usually related to abnormalities 
in vvater I:Eiance in the Gl tract, explaining why clinical 
signs differ tetvveen monogcstricand ruminant mam
mals. In swine, toxic effects are g3119rally manifested cs 
vvatery feo:sand have ten shown to cx::rur when ing:st
ing vvater with concentrations a:; low cs 600 mg SO/IL, 
but they more commonly cx::rur in vvater containing 
1,600 mg SO/Lor higher.61 0.612 

Tooty 
Ps with all poioons, toxicity depends on da:B, route of 
expa;ure, and form of the element. In this report, vve are 
meEt interested in ing:stion (oral expa;ure) and SO/, 
cs that is the form of S commonly found dis:olved in 
vvater. Between 0.3-0.5% of dietary dry matter is the 
ra::ommended maximum tolerable limit for total daily 

46 

1813826 

S intake for ruminant animals.589 The amount of S that 
vvater contributes to the diet depends on the amount of 
vvater an animal drinkscsvvell cs the concentration ofS 
in thevvater. This variesdrcsticallywith environmental 
temperature, type of feed, and condition of the animal. 
In one pub I ished example, the amount of S contributed 
by 1,000 mg SO tiL in drinking vvater varied from 
0.1-0.27% under different conditions.613 

Toxic S concentrations have l:a3n shown to reduce the 
feed intake, vvater intake, growth, and performance of 
animals. Cattle given vvater containing 1,219 mg SO/IL 
in conjunction with a diet containing 0.16% S (0.29% 
totalS intake), exhibited depres:a:l dry matter intake 
(OM 1).614 Adding 0.72% S04 (0.24% dietaryS) to cattle 
diets reduced vveight gains by 50% after the first two 
vveeks.615 Concentrations of 0.35% or more dietary S re
sulted in diminished OM I in lactating dairy co~J~.S.591 Wa
ter containing 5,000 mg oodium sulfate (N~SO 4)/L and 
gra:E hay containing "0.75% so; reduced vvater intake 
by 35% and feed intake by 30% in cattle.574 Oeaeaxs in 
avercg3 daily gain (AOG), feed efficiency, and dietary net 
energy vvere s:en when heifers vvere fed 0.25% S cs am 
monium sulfate ((N H4)2SO J 616 Supplying heifers with 
vvater containing 2,814 mg SO/Land hay containing 
"0.55% so; reduced hay intake by 12.4% during the 
summer months.617 Water containing 3,087 mg SO/L 
reduced AOG by 27%, 0 M I by 6.2%, and vvater intake 
by 6.1 L in steers, and it increa:a:l the incidence of po
liooncephalomalacia (PEM).618 Cattle on a low plane of 
nutrition cleaea:a:l their vvater intake when consuming 
vvater with 1,000 mg SO/L, and cattle on a high plane of 
nutrition had a slight cleaea:E in feed intake when con
suming2,000 mgSO/L.619 ConcentrationsofSgreater 
than 0.4%, added a:; elemental Sor N~S04 , decrea:a:l 
gains in feeder laml:s.594 Approximately 0.5% Sadded 
to rations cs calcium sulfate (CaSO 4) or N~SO 4 resulted 
in reduced feed intakeand dailygainsof 163g/dayand 
191 g/day, respectively, compared to controllamts that 
gained 251 g/day.620 

On the other hand, when 0.75% Swcsadded cs CaS04 
to the concentrate portion of the diet (0.477% total 
dietary S) of six Hereford cattle, no statistically significant 
chang:s in EErum enzyme activity, ~concentrations, 
vveight gains, or g311eral health vvere noticed.621 The study, 
hovvever, wcs designed to look at S-83 interactions and 
lacked statistical povver to examine growth, AOG, or 
other 111EE6Uresof performance, and one of the animals 
died of PEM at the end of the experiment. Cattle offered 
vvater containing 2,500 mg SO /L shovved no chang:s 
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in feed or vvater consumption. The animals consumed 
an avercg3 of 3.9 kg of hay, 3.1 kg concentrate, and 33.1 
kg vvater per day, sugg:sting this level csasafe tolerable 
limit.585 As with the previous study, the number of an~ 
mals tested wcs very small. Sublimed Sadded to the diet 
of steers for 10 vveeksat 0.42% did not affect feed intake 
but did at 0.98%.622 Qi et al.623 added various amounts 
of CaS04 to the diet of goats and concluded that opti
mum feed performance cx:x:urred betvveen 0.2-0.28% 
S.623 Pendlum et al.624 fed up to 0.3% elemental S to 
steers without advers3 effects. 

The ma:rt dramatic manifestations of S toxicity in rum~ 
nantsaresudden death, with no lesions, and/or PEM. 
Poliooncephalomalacia is a neurological dis:a:Eof cattle 
and sheep, resulting in 93izures, ataxia, blindnE$, and 
rocumbency cs the main clinical signs. It is usually fatal. 
Seven hundred of 2,200 eJ~.ESgrazing a pa;ture prev~ 
ously sprayed with elemental S began showing signs of 
abdominal dis:::omfort within two hours of expa:;ure, and 
220 eJI.ES died within five days. Lesions of PEM vvere 
found only in the sheep that had survived for five days?25 

Animals ingesting vvater with 4,564 mg SO/Land feed 
containing 0.17% Shad a 47.6% incidence of PEM 
and a 33% mortality rate.626 Six of 110 covvsdrinking 
7,200 mg Na.zSO/L vvater developed PEM.627 Eighteen 
of 21 herds fed supplements containing 2% inorganic 
SO 4 developed PEM. This supplement provided ap 
proximately 0.16% S beyond what wcs in the rest of the 
diet.628 Water containing 2,000 rng SO/IL produced 
PEM in one of ninesteers.597 Three of 21 steers fed 3,780 
mgSOt/L developed PEM and died. Fee:ling thiamin 
did not prevent S-toxicity?29 Four steers died of PEM 
on a feedlot in Alberta, Canada, after consuming vvater 
with 5,203 rngSO/L while the temperaturewcs30 C.630 

Four of 40 animals developed PEM after ing:sting hay 
with 0.39% Sand vvater containing 2,250 rng SO/L.631 

All 10 experimental animals offered vvater with 5,540 
mg S/L or 7,010 mg S/L showed signs of PEM .632 The 
incid3nce of death from PEM in a b:ef feedlot varied 
dramatically with environmental temperature, from none 
in the winter to 0.8% per month in the summer. The 
i ncrea:E als:::> corresponded with a 2.4-fold i ncrea:E in 
vvater intake cs a result of summer weather, raising total 
dietary S intake to 0.67%.633 Covvs in Canada vvere 
stricken with PEM when expa:Ed to 3,400 mg SOt/L 
vvater; no revv caxs cx:x:urred after the vvater wcs re
placed.634 Sixty-nine animals vvere affed:ed with PEM 
after ingesting a protein supplement containing "1.5% 
organa:;ulfate" and vvater containing 1,814 mg SO/L.205 
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Experimentally feeding 0.477% total dietary S resulted in 
one of 12 heifers developing PEM three days after term~ 
nation of theexperiment.621 Poliooncephalomalacia hC6 
b:en dicgna:a:l in wild ruminants.635,636 Testsvvere not 
conducted to confirm SO 4 cs the caU93 of thes3 caxs, but 
surface vvaters in the area where the animals vvere found 
are naturally high in S04, and expa:;ure to thes3vvaters 
wcs consid3red I i kely.637 

Sulfate vvatersare quite unpalatable, and, when given a 
choice, animals will dis:riminatecgainst them. A teste 
test wcs conducted betvveen vvaters containing 1,450 
mg/L and 2,150 mg/L SO 4 and tap vvater. The cattle 
dis:riminated cgainst the vvater containing 1,450 mg/L 
and rejected the vvater containing 2,150 mg/L, opting 
for tap vvater insteacl.617 Despite the unpalatability, if no 
other vvater is available, animals will reluctantly drink wa
ter with higher S04 concentrations resulting in potential 
toxicity. 

In ruminants, high dietary S may caU93acute death, 
PEM, trace mineral (esp:cially Cu) d3ficiencies, and/ 
or chronic, cs-yet-poorly-defined ailments that deaea:E 
production efficiency. All dietarys:::>ura:sofS (vvater, foF
cg3, concentrates, feed supplements) contribute to totalS 
intake and thus to potential toxicity. The S contribution 
ofvvater, usuallycstheSOt ion, variesdramaticallywith 
en vi ron mental conditions cs vvater consumption go:s up 
and down. 

From a strictly theoretical standpoint, the NRC max~ 
mum tolerable daB of S for cattle is 0.5% of the total 
diet (0.3% for feedlot animals).589 Wyoming gra:a:s are 
reported to contain betvveen 0.13%-0.48% S.638 Assum
ing forcg3S concentrations of 0.2% and vvater consump
tion typical of young, rapidly growing cattle at summer 
temperatures (30 C), a vvater S04 concentration of 1,125 
mg/L will meet or exa:ed the NRC's maximum toleF
ance limit for Sin cattle. Adult bulls, which consume 
half cs much vvater, could theoretically be impacted by 
2,250 mg/L, and lactating COIJI.S would fall s:::>rrevvhere in 
betvveen. In practice, vvater S04 concentrations cs low 
cs 2,000 mg/L have caU93d PEM and/or sudd3n death in 
cattle. Thisotervation is supported by many field caxs 
inVEStigated by the WSVL and other regional dicgna:rtic 
labs si nee 1988. It s:ens to be contradicted by s:::>me of 
the early studies mentioned above, notably D igesti and 
Weetf1585, but both probaJility and the morbidity of poi
s:::>ning increa:Ewith progres:;ively larger S04 concentra-
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tions; thus, studies with small numbersofanimalse:sily 
overlook marginally toxicdaxs. Ana::dotal data also in
dicate cattle are able to adapt to elevated S concentrations 
ifintroduca:l gradually to potentially toxic waters over a 
period of S3Veral days to VIIESk.s. The retails (i.e. how rap 
idly dietary Scan chan~) of this prcx::e:E and the effect(s) 
of other dietary factors such cs energy and protein on the 
prcx::e:Earestill a matter of conjecture. 

Waterborne 804 is reported to cla:rea:E Cu uptake at 
concentrations a; low cs 500 mgS/L cs80t.602,606 

Whether overt Cu ceficiency results d3pends upon the 
dietary concentration of Cu, and SXCE$ dietary Cu may 
compensate for some or all of the effect of 804 

2-. 308 

Unfortunately, ma:;t Wyoming forcg:sare marginally to 
drcstically ceficient in Cu for cattle. Elevated dietary S 
also interfere with the uptake of Zn and fe. Traceele 
ment ceficiencies are multifactorial dis:axs that do not 
normally manifest tllerns31ves unles:;animalsareexpa:a:l 
to other strBS:Ors such cs bcd:erial path~ns, tad weath
er, shipping, etc. Therefore, it is difficult, if not impa:; 
sible, to EEttle upon a single number that consistently 
results in ceficiency or guaranta:ssafety; hovvever, the 
NRC ra:::omrnends "the sulfur content of cattle diets be 
limited to the requirement of the animal, which is 0.2% 
dietary sulfur for dairy and 0.15% in b:ef cattle and 
other ruminants. "589 

Relatively lowS concentrations (equivalent to 500-1,500 
mgSOt/L in vvater) have also impacted performance 
(e.g. ADG, feed efficiency) in feedlot and ra~ cattle 
via a variety of medlanisms not completely und3r
stood_614,616,639,64o Lonercgan et al.597 sugg:sted that 
H2S produca:l from SO/", eructated and then inhaled, 
resulted in pulmonary clar'rlcg3and increa:Ed sus::sptibil
ity to respiratory infections. Elevated SO/" also results 
in decrea:Ed water intake uncer experimental conditions. 
Finally, it is pa:siblesorne, cs yet unremgnized, intera; 
tions with other dietary components result in decrea:Ed 
uti I ization and feed efficiency. Thes9 effects have obvious 
implications for animal health, but they are difficult to 
quantify uncer field conditions. 

Monogcstrics, such cs hors:s, are at les:; risk of S effects 
that involve ruminal generation ofsulfice. In thes9spe 
cies, the pri nci pie effect of elevated drinking vvater sq 
s:ers to be diarrhea resulting from the a:;moticattrac
tion of water into the gut. The relative contributions of 
the80t ion and itsa:FOCiated cation are unclear, but 
the literature indicates the effect 1) is transient and not 
I ife-threatening and 2) protably only oc:x:urs at concentra-
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tions consicerably in exCE$ of tha:E toxic in ruminants. 
Therefore, concentrations that are safe in ruminants 
should provice adequate protection for hors:s. 

A:sumirg normal fe;;dstuff S CXJf'ICBJtrations, keepirg 
water SO/ CXJf'ICBJtrations le35 than 1,800 ITgiLs/Duld 
minimize the pasibilityof acute death in cattle Con
CBJtrations le:s than 1,000 ITgiL s/Duld not result in 
anyeasi/ymeasurec:/ laB in performarm. 
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11 Total Dissolved Solids (TDS) 

Total dis:olva:l rolids (TOS) is defined csall inorganic 
and organicsutstana:s contained in vvater that can 
pax; through a 2 micron fi Iter. In g311eral, T OS is the 
sum of the cations and anions in vvater. Ions and ionic 
compounds making up TOSLBJa//yincludecarbon-
ate, bicarbonate, chloride, fluoride, sulfate, phasphate, 
nitrate, calcium, rncgnesium, s:>dium, and pota:Eium, but 
any ion that is prES311t wi II contribute to the total. The 
organic ions include pollutants, herbicides, and hydrocar
bons. In addition, roil organic matter compounds such a; 

humic/fulvicacidsarealro included in TOS. Therearea 
variety ofvvays to 111EE6Ure TOS. The simplest is to filter 
the vvater sample, and then evaporate it at 180" C in a 
pre-vveighed dish until thevveight of the dish no long:!r 
chang:s. The increa:E in vveight of the dish reprES311ts the 
TOS, and it is reported in mg/L. The TOSofavvater 
sample can alro te estimated fairly a::rurately from the 
electrical conductivity of the sample via a linear correl& 
tion equation dependent upon specific conductivity. 
Finally, TOS can te calculated by mea:;uring individual 
ions and simply a:lding them teg:!ther. 

Total dis:olva:l rolids is a non-specific, quantitative mea 
sure of the amount of dis:olva:l inorganic chemicals but 
da:s not tell us anything about its nature. TOS is not 
considered a primary pollutant with any CEFOCiated health 
effeds in human drinking vvater standards, but it is rather 
us:d cs an indication of a:sthetic characteristics of drink
ing vvater and cs a brood indicator of an array of chemical 
contaminants. 

ES:Entiality 
Although many es:Eiltial elements may contribute to 
TOS, the mea;urement tedlniqueda:s not, its31f, dif. 
ferentiate es:Eiltial from toxic elements. 

Since TOS reprES311tsan undifferentiated collection of 
just about everything dis:olva:l in a vvater sample, it is 
impa:sible to speak of the "metabolism" of TOS. 
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TO<dty 
Interestingly, early epidemiologic studies sugJ:Sted that 
"moderately high" TOS concentrations ("high" in this 
context teing les than 1,000 rng/L) protected p30ple 
cgainst cancer and heart dis:a:E.641·644 Although the 
rnedlanism(s) underlying thes3 early otervations are not 
completely understood, it wes first narrovved down to 
"hardnes" cs oppa:Ed to TOS. It now app:ars certain 
constituents of TOS, notably Mg, interfere with the 
formation of thrombi in arteria:.clercsis.641 -645 Another hy
pothesis for the protective effect is that rome components 
of hardnesdeaee33leaching of toxic elements from 
plumbing.644 The inclusion of other cardiac risk factors, 
such cs Na, in the total T OS of earlier studies probaJiy 
a:::counts for the conflicting results in the older I iterature. 

831 ine vvaters may advers3ly impact animal health by 
99Veral pa:sible rnedlanisms. One of the mcst impor
tant biological functions of vvater in mammals is a; a 
rolvent for nutrients, weste products, etc. The prES9nce 
of extraneous rol utes decreaxs the abi I ity of vvater to 
S3rve this function by deaea:;ing its ability to dis:olve 
additional rolutes. A similar, related factor is plcsrna 
csmolarity. Solutes exert an attraction on vvater acra:s 
membranes, and inappropriate vvater movement is di
s:strous to cells and ti$UES. An extreme example of this 
effect is vvater intoxication that results in death, a; wes 
the ca:E with a young woman in Cal ifornia.646 Mammals 
expend a considerable amount of energy maintaining 
the csmolar concentration of various body compart
ments within a fairly narrow rang:!. The prES9nce of 
exceEive rolutes in drinking vvater adds to this burden 
and consumes reoura:s that would otherwiEE te us:d 
for growth, milk production, or fighting off dis:a:E. It is 
vvell-axspted that extreme drinking vvater TOS conCEI'l
trations in the 1.5%-3% rang:!are incompatiblewith 
1 ife546,551 ,557,586,647-648; hOV\Ie\oer, the effeds of lovver T OS 
concentrations are too multifactorial, involving species, 
<:g3, S3X, diet, pregnancy, lactation, environmental condi
tions, etc., to lend them931\e to simpleall-or-nothing 
results. Alro, the fact animals may "tolerate" (in other 
words, survive) a particular concentration is not the same 
a; proving they remained productive on it. 
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Elevated T OS aclve193ly affects the palatabi I ity of wa 
ter. In humans, teste panels rated the palatability of 
vvater with 300 mg/L cs "excellent," 300-600 mg/L 
"good," 600-900 mg/L "fair," 900-1,200 mg/L "poor," 
and greater than 1,200 mg/L "unusable." Earlier cr~ 
teria for human health vvere ta:a:1 upon this fa:t.649 In 
I iVEStock, cleaea:a:l palatabi I ity is vvell-remgn ized cs 
an important determinant of vvater consumption and, 
indira:::tly, fee:l consumption and performance. Cattle 
given vvater containing 6,000-15,000 mg/L TDSexhib
ited cleaea:a:l vvater intake, fee:l intake, and average daily 
gain (ADG)_550,618,626,650-652 Five thousand mg/L de-
crea:a:l fee:l intake and gain of cattle on a high roughcg3 
diet.653 Dairy oovvsgiven 2,040 mg/L vvater consumed 
le:Evvater and produced leE milk when the peek ambi
ent temperature wcs 32.1 C than covvs given desalinated 
vvater.654 Similar decra:e:s in milk production attributed 
to consuming saline vvater vvere s:en in Arizona.547,655 

Slvinesutsisting on vvater containing 10,000-15,000 
mg/L drank leE, ate leE, and performed more poorly 
than controls.565 Sheep s:em to te more tolerant of saline 
vvaters than m<Et domestic species and will drink them 
if introduced to the saline vvater over a period of 93\.oeral 
vveeks_540,541,575-580,656,657 The two referena:s regarding 

salinevvaters in hors:s indicate they are reluctant to drink 
such vvater551 , and it hcsl::a3n alluded they can te main
tained on vvater containing up to 9,500 mg/L TDS.658 

Limited studies with farmed deer in Australia indicate 
T OS concentrations cs high cs 4,000-6,000 mg/L are tol
erated without any reduction in fee:l or vvater consump
tion.659,680 We vvere unable to find any reports acldres:;ing 

the effeds of salinity on wild deer. 

Even when animals drink more in an attempt to com
pensate for poor vvater quality, the increa:a:l metabolic 
I<B:I impa:a:l by high solute vvater may result in impaired 
performance. Water containing 1.5% NaCI (15,000 
ppm) and given to cattle for leE than a vveek resulted in a 
13.7% reduction in vveight, cs vvell cs decra:sing fee:l and 
vvater-intake, and marked hypernatremia.550 In a similar, 
short-term experiment at cool temperatures, cattle given 
15,000 mg/L TDS vvater drank more, ate and grew leE, 
and shovved clinical signs of dehydration.558 Five-thou
sand mg/L TDS for 51 days cleaea:a:l gain in heifers?51 

Summary 
Total diSD!'v€dsolids in drinkirgwatersnesasa leY 
rxxx pre::Jictorof animal fmlth. Ps noted above, TDS is 
a ma:sure of all inorganic and organicsutstana:s dis-
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solved in vvater. Thes3 individual oolutes range in toxicity 
from relatively non-toxicsutstana:s, such cs Ccf+, to 
extremely toxic (H~j'+, Se+4), but tests of TDS do not 
differentiate tetvveen them. Several earlystudiessuggest 
no significant effects in sheep at TDS concentrations up 
to 13,000 mg/L or cattle and svvine up to 5,000 mg/L, 
and the NRC001 a:::cepted larger concentrationscs toler
able "for older ruminants and hors:s," yet the authors 
haves:en animals poiooned byvvaters in which the TDS 
wcs rna:sured csslightly leE than 500 mg/L,415,662and 
there are reports of decrea:a:l productivity in dairy cattle 
at 2,000-2,500 mg/L. Early epidemiologic studies in 
people suggested high drinking vvater TDS decrea:a:l the 
incidence of cancer and heart dis:a:B in people. Later, 
hovvever, studies narrovved the active component of TDS 
that wcs negatively correlated with heart dis:a:B, first to 
hardne:E, then finally to the Mg+ ion concentration. In 
human health, the World Health Organization dropped 
health-ta:a:l ra:::ommendations for TDS in 1993, in
stead retaining 1 ,000 mg/L cs a s:condary standard for 
"organoleptic purpaxs." Tre m isju:i too nm-S{Eific to 
te reliable. Ps noted by Chapman et al.663, in a study of 
aquatic toxicity, "Toxicity related to thes3 ions is due to 
the specific combination and concentration of ions and is 
not predictable from T OS concentrations." 

We cb not nmmmend relying upon TDS to e.taluate 
water quality for liVf?Sla:k and wildlife; hovvever, if no 
other information is available, TDSconmntrations 
less than 500 mg/L should ensure safety from almat 
all inorganic constituents. Above 500 mg/L, the 
individual constituents contributing to TDSshould be 
identified, quantified, and evaluated. 
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12 Summary 

Element Short (days -weeks) Chronic (months) Rationale 
Exposure Exposure 

Arsenic 1 mg/L 1 mg/L Does not saem to be a carci nog:ln in I i\€Stock; 
therefore, a concentration that protects cg:~i nst 
cytotoxiceffectsshould beS3fe (pg 8). 

Barium S:e text pcg:l13 No recommendation Until there is better data v..e cannot make any firm 
recommendation reg:trding Barium. S:e text for 
interim sug;J:Stions (pg 13). 

Fluoride 2mg/L 2mg/L Pre\€nts dental lesions in mcst sensitive lifestcg:l. 
Fully mature animals may be able to tolerate more 
(pg 18). 

Molybdenum 0.3 mg/L 0.3 mg/L Pre\€ntssecondary Cu deficiency and poor perfor-
mance (pg 24). 

Nitrate 500 ffiJ/L 500mg/L Pre\€ntsacute death and abortion in v..ell-man-
cg:ld cattle. Dry diets high in N0

3 
may require 

lov..er concentrations (pg 28). 

Nitrite 100 ffiJ/L 100 mg/L Pre\€ntsacute death and abortion in v..ell-man-
cg:ld cattle. Dry diets high in N03 may require 
lov..er concentrations (pg 28). 

pH No recommendation No recommendation There is considerable evidence that animals toler-
ate a much wider range than the commonly cited 
6.5-8.5, but v..e could not find sufficient informa-
tion to make specific recommendations (pg 32). 

~lenium 0.1 mg/L 0.1 mg/L Pre\€ntsselencsis in equiclae. Can probably 
tolerate slightly high concentrations for very short 
periods (pg 38). 

Sodium 4,000 mJI L 1,000 mg/L As:iuming normal feedstuff Na concentration 
and no other W3ter sources, these concentrations 
should protect cg:~inst acute lethality or chroni-
cally, poor performance (pg 43). 

Sulfate 1 ,800 mJI L 1,000 mg/L As:iumi ng normal feedstuffS concentration, acute 
death may occur in ruminants at concentrations 
greater than 2,000, e:p:cially if not a!ICMe:i tirre to 
ax/imate. Long-term consumption result in poor 
performance (pg 47). 

TDS No recommendation No recommendation We do not recommend relying upon TDS to 
evaluate W3ter quality for I ive5tock and wild I ife 
(pg 50). 
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13 Research Needs 

pH- The original axsptable ran~ often cited in var~ 
ous extension and regulatory documents wcs designed to 
protect plumbing rather than health. Res:arch sug;}35ts 
rodents and svvine can not only tolerate but actually 
thrive on significantly lovver pH activities than current 
standards. There is rome i nd i ra:t evidence from the dairy 
industry, whereacid~icdiets have b:en U93d therapeu
tically, that cattle (and probably other ruminants) should 
perform vvell on moderately acidic water for months at 
a time. There is nothing to indicate what, if any, I imits 
should be for long-term consumption. Nor is there any 
experimental evidence to indicate even the mild alkaline 
pH activity ra:::ommended under current guidelines, let 
alone stro~r bcs:s, are safe for animals. It might not be 
pa:Eible to devi93asimpleguideline that fits all situations 
as theacid-l:a:Estatusof mammals is very multi-factorial, 
but it should be pa:Eible to at la:st determine a ra~at 
which thedira:t, local effedsofalkalinevvatersare likely 
to cauS3 refusal. 

Ba-The existing human guidelines are predicated upon 
the theoretical potential for the Bcf+ ion to exa::erbate 
chroniccardiova:rular problems. Theexisting knowl$ 
ta:E regarding Ba toxicity in livestock and wildlife isex
a:edingly s::ant and s:emingly contradictory. If, as s:ems 
likely, lar~ ungulates respond similarly to Baas humans 
and rodents, toxicity could potentially oc:x:ur at similar 
water concentrations. L.arge-s:ale, chronic experiments 
of theoort required to conclusively establish a chronic 
NOAEL will be very expensive. It might be more cost 
effective to elucidate the comrarative toxicodynamics 
(bi<EVailability from variousooura:s, pharmacokinetics, 
pharmacodynamics) of Ba in major livestock and wildlife 
species vs. rodents with an eye to extrapolating the lar~ 
human/rodent datal:a:E to theE species. 

Wildlife- There is a surprising deficit of quantitative 
toxicologic data in biggamewildlifespecies, especially 
when one consioors the IBfOura:s that have b:en lavished 
on fish and ins:ds for the last three da:ades. Given the 
physiological similarities to domestic livestock, it should 
not be na::e:Eary to reinvent the complete knowl$ 
ta:E. Relatively simple comrarative studies of basic toxi
cologic rarameterssuch as bi<EVailability betvveen (e.g.) 

1813826 

mule deer and domestic sheep would allow extrapolation 
from the existing knowl$1:a:E in livestock to wildlife. 

Nit rite-While there is sul:stant ial ana::dotal evioonce 
NO is more toxic than N03, especially in non-rumi
nants, vve didn't find a great deal of quantitative da:e
respon93dataabout oral expcsure in livestock or wildlife. 
What vvedid find sugg:stsa maximum tolerated cla:E 
considerably higher than the NRC.2 The latter ra:::om
mended keeping NO extra low to compensate for N02 2 . . 
formation in slurried feedstuffs tosvvine. This pract1ce IS 

no lon~r common, nor is the caveat appropriate to ra~ 
conditions. A reliable maximum tolerated da:E, appro
priate to Western ~conditions, is desirable. 
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